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SUMMARY 


The  primary  objective  of  this  study  is  to  define  the  accuracy  of 
movable-bed  model  predictions  of  shoaling  in  Galveston  Harbor  entrance 
after  navigation  channel  realignment;  a secondary  objective  is  to  gain 
an  improved  understanding  of  movable-bed  modeling  techniques  so  that  the 
value  of  such  models  cein  be  increased. 

Galveston  Harbor  entrance  is  a jettied  tidal  inlet  on  the  Texas 
coast  with  a federally  maintained  navigation  channel.  The  entrance  chan- 
nel is  composed  of  three  sections — the  approach  channel  in  the  Gulf  of 
Mexico,  the  outer  bar  channel  just  inside  the  jetties,  and  the  inner  bar 
channel  passing  through  the  inlet  throat.  Maintenance  dredging  volumes 
for  the  entrance  channel  have  averaged  more  than  1,000,000  cu  yd  per 
yeeir  for  more  than  25  years.  Shoaling  in  the  inlet  and  navigation  chan- 
nel is  affected  by  tidal  currents,  short-period  waves  and  their  res\ilt- 
ing  currents,  and  local  and  tropical  storms.  Inlet  sediments  are  predom- 
inantly fine  sands  characteristic  of  the  littoral  zone. 

The  Galveston  Harbor  entrance  model  study  was  conducted  at  the 
U.  S.  Army  Engineer  Waterways  Experiment  Station  to  determine  a channel 
alignment  that  would  resiilt  in  safe  navigation  conditions  and  halt  the 
undermining  of  the  north  jetty,  and  to  predict  shoaling  characteristics 
of  the  realigned  channel.  The  study  was  conducted  with  a combination 
fixed-bed  and  crushed  coal  movable-bed  model  with  length  scales  of 
1:100  vertically  and  1:500  horizontally.  Subsequent  to  the  model 
study  a realignment  plan  that  resulted  in  the  safest  and  shortest  navi- 
gation channel,  provided  protection  from  undermining  of  the  north  jetty, 
and  indicated  a modest  overall  shoaling  increase  was  constructed  at 
Galveston. 

Comparisons  are  made  of  model  predictions  and  observed  prototype 
behavior  for  6 years  following  completion  of  channel  realignment. 

Analysis  showed  that  the  qualitative  prediction  that  undermining  of  the 
north  jetty  would  be  halted  was  correct  and  that  the  predicted  rela- 
tive increase  in  total  maintenance  dredging  was  reasonably  close  to 
that  experienced  in  the  prototype.  One  of  the  primary  objectives 


of  the  original  study — to  improve  the  channel  alignment  for  navigation 
safety — was  achieved,  but  is  not  addressed  in  this  report. 

Detailed  comparisons  of  quantitative  model  predictions  with  pro- 
totype experience  after  construction  are  made  for  dredging  volumes  and 
for  bed  changes.  Predictions  of  relative  increases  in  reported  dredged 
volumes  were  quite  accurate  for  the  combined  approach  and  outer  bar 
channels  and  low  for  the  inner  bar  channel.  Absolute  dredging  volumes 
and  absolute  volianes  adjusted  for  dissimilar  dredging  practices  in 
model  and  prototype  show  that  the  model  dredged  volimes  were  somewhat 
low  in  the  approach  channel,  essentially  the  same  as  the  prototype  outer 
bar  channel,  and  substantially  low  in  the  inner  bar  channel.  Large 
zones  of  scour  and  fill  were  in  approximately  similar  locations  in  model 
and  prototype  but  the  location  of  some  smaller  zones  were  not  the  same. 
Scoiar  and  fill  in  the  navigation  channel  were  similar  in  location  but 
on  a much  smaller  volume  scale  in  the  model. 

Similitude  requirements  for  movable-bed  modeling  are  not  well  de- 
veloped, and  the  complexity  of  the  factors  controlling  coastal  sediment 
transport  creates  conflicts  between  desired  scaling  criteria  and  prac- 
tical limitations  on  model  size  and  operating  procedures.  As  a result, 
the  modeler’s  skill  and  interpretation  of  results  are  of  supreme  impor- 
tance in  movable-bed  modeling. 

Based  on  the  model-to-prototype  ratio  of  the  particle  densimetric 
Froude  number,  , examination  of  potential  scale  effects  in  model  sed- 
iment transport  reveals  that  sediment  transport  rates  in  the  model  may 
have  been  too  low.  For  tidal  currents,  the  average  ratio  was  about  0.01 
to  O.Oh  instead  of  the  ideal  value  of  1 and  for  waves  the  ratio  is  esti- 
mated to  have  been  about  O.U.  Another  potential  scale  effect  was  the 
relatively  low  number  of  flow  reversals  during  a simulated  year  in  the 
model.  This,  coupled  with  prolonged  maximum  ebb  and  flood  flows,  may 
have  reduced  the  tidal  rearrangement  of  sediments  in  the  inlet  by  re- 
peated changes  in  direction  of  transport. 

It  is  concluded  that  most  of  the  model's  qualitative  predictions 
and  overall  quantitative  predictions  were  reasonably  close  to  prototype 
behavior  for  the  6-year  period  studied,  but  that  most  of  the  detailed 


quantitative  predictions  were  not.  Discrepancies  are  believed  to  be 
primarily  due  to  a low  rate  of  sediment  supply  to  the  model  inlet,  a low 
tidal  current  transport  capacity,  and  inexact  location  of  some  scour  and 
fill  areas  due  to  a lack  of  definitive  prototype  data.  Movable-bed 
modeling  is  concluded  to  be  a feasible,  though  difficult,  technique  for 
the  solution  of  similar  problems  in  similar  inlets. 

Recommendations  for  successful  movable-bed  modeling  of  similar 
inlets  include  obtaining  detailed  and  comprehensive  prototype  data 
whenever  possible;  choosing  sceQ-es  and  model  sediments  that  approach  a 
densimetric  particle  Froude  n\imber  ratio  of  1;  minimizing  distortion  of 
hydrodynamic  similitude;  designing  model  operation  to  properly  account 
for  sediment  soiorces  and  storm  effects  found  to  be  important  at  the  site; 
and  interpreting  model  results  in  terms  of  relative  changes. 


PREFACE 


The  research  described  in  this  report  was  conducted  at  the  U.  S. 
Army  Engineer  Waterways  Experiment  Station  (WES)  under  the  Coastal  Engi- 
neering Research  Area  of  the  Corps  of  Engineers  Civil  Works  Research 
and  Development  Program  sponsored  by  the  Office,  Chief  of  Engineers, 

U.  S.  Army. 

Personnel  of  the  Hydraulics  Laboratory  of  WES  performed  this 
study  during  the  period  197^  through  October  1975  under  the  direction 
of  Messrs.  H.  B.  Simmons,  Chief  of  the  Hydraulics  Laboratory;  F.  A. 
Herrmann,  Jr.,  Assistant  Chief  of  the  Hydraulics  Laboratory;  R.  A.  Sager, 
Chief  of  the  Estuaries  Division;  G.  M.  Fisackerly,  Chief  of  the  Harbor 
Entrance  Branch;  and  W.  H.  McAnally,  Jr.,  Estuarine  Research  Projects 
Manager.  Mr.  J.  V.  Letter,  Jr.,  was  Project  Engineer.  Messrs.  Letter 
and  McAnally  prepared  this  report. 

Directors  of  WES  during  the  coiu’se  of  this  study  and  the  prepara- 
tion and  publication  of  this  report  were  COL  G.  H.  Hilt,  CE,  and  COL 
John  L.  Cannon,  CE.  Technical  Director  was  Mr.  F.  R.  Brown. 
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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (Sl) 
UNITS  OF  MEASUREMENT 


U.  S.  customary  units  of  measurement  used  in 
to  metric  (Sl)  units  as  follows: 


Multiply 


SL 


feet 

miles  (U.  S.  statute) 

acre-feet 

square  feet 

square  miles  (U.  S.  statute) 

cubic  feet 

cubic  yards 

feet  per  second 

cubic  feet  per  second 

feet  per  second  per  second 


O.30U8 
1.6093i*it 
1233. U82 
0.0929030!+ 
2.589988 
0.02831685 
0.761+551*9 
0.301+8 
0.02831685 
0.301+8 


degrees  (angle) 


0.0171*5329 


this  report  can  be  converted 

To  Obtain 

metres 

kilometres 

cubic  metres 

square  metres 

square  kilometres 

cubic  metreL 

cubic  metres 

metres  per  second 

cubic  metres  per  second 

metres  per  second  per 
second 

radians 
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PHYSICAL  HYDRAULIC  MODELS: 
ASSESSMENT  OF  PREDICTIVE  CAPABILITIES 


MOVABLE-BED  MODEL  OF  GALVESTON  HARBOR  ENTRANCE 


PART  I : INTRODUCTION 

Ob  ,1  actives 


1.  The  primary  objective  of  this  research  study  is  to  define  the 
accviracy  of  the  movable-bed  physical  hydraulic  model  predictions  for 
Galveston  Harbor  entrance.  The  model  study  predicted  the  optimum  chan- 
nel alignment,  in  conjunction  with  deepening,  for  minimum  shoaling  and 
maintenance  dredging  in  the  entrance  channel.  By  evaluating  these 
model  predictions,  greater  \inder standing  of  the  capabilities  and  limi- 
tations of  movable-bed  physical  modeling  will  be  developed. 

2.  A secondary  objective  of  this  study  is  to  gain  an  improved 
understanding  of  modeling  techniques  so  that  the  value  of  movable-bed 
models  can  be  increased. 

Background 

3.  Physical  hydraulic  models  have  been  successfully  used  for  many 
years  to  predict  the  response  of  estuaries  and  harbors  to  alterations 
such  as  dredging,  landfills,  structures,  and  flow  regvilation.  Unfortu- 
nately, little  attention  has  been  given  to  caref\il  comparisons  of  model 
predictions  with  prototype  behavior  after  the  proposed  modifications  to 
the  system  have  been  made.  Model  predictions  of  tidal  elevations  and 
phases,  current  velocities,  circ\ilation  patterns,  and  salinity  intrusion 
are  considered  highly  reliable.  Other  phenomena  such  as  pollutant  and 
sediment  transport  are  considered  to  be  less  reliably  reproduced  in 
physical  models.  With  a lack  of  evaluation  of  model  predictions,  the 


degree  of  confidence  that  may  be  placed  in  predictions  of  these  various 
phenomena  has  not  been  defined.  Particularly,  the  reproduction  and 
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prediction  of  pollutant  and  sediment  transport  have  suffered  in  the  ab- 
sence of  model  evaluations.  Detailed  studies  of  transport  phenomena 
coiild  develop  guidelines  for  improved  modeling  techniques. 

U.  There  are  several  reasons  for  this  lack  of  comparison  between 
model  prediction  and  prototype  behavior,  which  is  termed  postconstruc- 
tion verification  or  model  confirmation.  First,  resoiorces  are  seldom 
available  to  follow  up  a model  study  and  prototype  project  with  a costly 
postconstruction  study  if  the  project  appears  to  be  functioning  satis- 
factorily. Other  prototype  problems  usually  demand  attention  and  money 
that  might  have  been  applied  to  follow-up  studies.  Secondly,  many 
projects  are  changed  before  construction  due  to  considerations  that  are 
not  relevant  to  the  model  study;  therefore,  detailed  comparisons  between 
model  tests  and  prototype  results  are  not  possible  unless  costly  addi- 
tional model  tests  are  run  with  the  appropriate  boundary  conditions. 
Finally,  some  model  studies  show  a project  to  be  unfeasible  and  the 
project  is  not  constructed.  Consequently,  there  is  no  basis  for  com- 
parison to  evaluate  the  model's  prediction. 

5.  Postconstruction  verification  of  a physical  model  can  be 
attempted  under  two  conditions.  First,  the  project  constructed  in  the 
prototype  system  may  match  one  of  the  project  plans  tested  in  the  model. 
In  this  case,  the  postconstruction  prototype  data  are  directly  comparable 
with  the  model  data  if  sufficient  care  is  taken  to  match  the  prototype 
data  boundary  conditions  with  those  of  the  model  plan  test. 

6.  The  second  condition  occurs  when  the  project  constructed  in 
the  prototype  is  altered  from  the  plan  tested  in  the  model,  but  the 
physical  model  is  still  in  existence.  If  the  cost  is  not  prohibitive, 
necessary  changes  may  be  made  in  the  model  to  duplicate  the  actual  pro- 
tc type  construction  and  additional  model  tests  may  be  conducted.  Post- 
construction prototype  data  collection  and  changes  in  the  model  can  pro- 
ceed simultaneously,  and  then  additional  model  tests  can  be  performed 
under  the  same  boundary  conditions  as  during  the  prototype  data  collec- 
tion. The  model  and  prototype  data  can  then  be  compared  and  analyzed. 

7.  The  increasing  environmental  awareness  of  recent  years  has 
resulted  in  a demand  for  more  detailed  evaluations  of  the  effects  a 
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particular  project  will  have  on  the  sometimes  delicately  balanced  eco- 
system of  the  estuary  or  harbor.  Of  special  interest  are  the  effects  on 
salinity  intrusion,  pollutant  transport,  and  sedimentation.  These  ef- 
fects must  be  determined  in  order  for  an  Environmental  Impact  Statement 
(E.I.S.)  to  be  compiled.  It  is  not  uncommon  for  large  sums  of  money 
invested  in  project  design  or  allocated  for  project  construction  to  re- 
main idle  while  awaiting  the  E.I.S.  For  many  projects,  the  fastest  and 
most  accurate  means  available  to  evaluate  the  physical  effects  of  the 
project  which  might  influence  the  ecosystem  is  through  a physical  model 
study. 

8.  This  requirement  for  detailed  model  predictions  challenges 
the  modeler  to  develop  a better  understanding  of  the  physical  phenomena 
being  modeled,  to  define  the  accuracy  to  which  the  model  reproduces  the 
phenomena,  and  to  develop  better  modeling  techniques  to  increase  the 
accuracy  of  the  model.  In  response  to  this  challenge,  in  1971  the  Office, 
Chief  of  Engineers  (OCE)  authorized  the  U.  S.  Anny  Engineer  Waterways  Ex- 
periment Station  (WES)  to  begin  a series  of  confirmation  studies.  This 
report  is  the  second  study  of  the  series;  the  first  study  was  of  the 
Delaware  River  model. ^ 

9.  The  Galveston  Harbor  entrance  channel  model  study  was  con- 
ducted at  WES  during  the  period  May  I960  through  February  I966.  The 

2 . 

objectives  of  the  original  model  study  included  determination  of  a 
means  for  protecting  the  north  jetty  from  undermining  by  tidal  currents 
and  determination  of  the  shoaling  characteristics  of  the  inner  and  outer 
sections  of  a deepened  entrance  channel.  Other  objectives  of  the  origi- 
nal study  that  are  not  addressed  in  this  report  were  to  develop  a chan- 
nel realignment  for  safer  navigation  and  to  determine  the  best  locations 
for  additional  anchorage  areas.  One  of  the  deepening  and  realignment 
plans  tested  in  the  model  was  constructed  in  the  prototype.  The  feasi- 
bility of  the  plan  was  judged  in  part  on  model  results  which  indicated 
that  while  a deepened  channel  along  the  proposed  alignment  would  require 
increased  maintenance  dredging,  the  additional  cost  would  be  partially 
offset  by  a seaward  shift  in  the  shoaling  distribution.  The  purpose  of 
this  report  is  to  evaluate  the  accuracy  of  the  model  predictions  of 
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maintenance  dredging  requirements  and  changes  in  the  inlet  bed  as  a re- 
sult of  this  channel  realignment  and  deepening. 

Approach 

10.  Postconstruction  verification  of  a physical  model  can  be 
accomplished  by  two  methods  of  data  comparison  and  analysis.  The  more 
direct  method  is  to  compare  postconstruction  prototype  data  with  model 
test  predictive  data.  This  is  most  useful  for  a direct  indication  of 
the  quantitative  accuracy  of  the  model  predictions. 

11.  The  other  method  is  a comparison  of  prototype  data  prior  to 
construction  with  prototype  data  after  construction  of  the  project  is 
completed.  This  defines  the  relative  effects  of  the  project  construc- 
tion, usually  expressed  as  a percentage  increase  or  decrease.  This  rel- 
ative prototype  change  can  then  be  compared  with  the  relative  change 
predicted  by  the  model.  This  method  is  useful  when  it  is  difficult  to 
obtain  postconstruction  prototype  data  to  match  the  boundary  conditions 
of  the  model  test,  and  additional  model  tests  are  not  possible.  It  is 
also  the  most  appropriate  technique,  since  some  model  scale  and  boundary 
effects  are  removed  from  the  results  by  comparison  of  model  data  with 
other  model  data. 

12.  For  either  method  of  model  confirmation,  care  must  be  taken 
to  match  the  postconstruction  prototype  boundary  conditions  (tide, 
freshwater  flows,  waves,  etc.)  during  data  collection  with  the  condi- 
tions for  the  comparative  test.  This  is  true  whether  the  comparative 
data  are  preconstruction  prototype  or  postconstruction  model  data. 

13.  For  the  present  study  dealing  with  relatively  long-term 
sedimentation,  it  is  necessary  to  assume  that  the  climatic  conditions 
that  prevailed  prior  to  the  prototype  construction  were  essentially 
the  same  as  those  encountered  after  the  channel  realignment  was  com- 
pleted. This  is  a reasonable  assumption  provided  the  periods  used  for 
data  averaging  are  of  sufficient  length.  This  report  discusses  the 
record  length  and  its  effect  on  the  results. 
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Movable-Bed  Modeling 


14.  Successful  modeling  requires  the  development  of  realistic 
similitude  requirements  for  the  phenomena  to  be  studied  and  then  making 
satisfactory  compromises  between  similitude  requirements  and  practical 
limitations  on  scales,  materials,  and  methods.  A prominent  example  is 
the  use  of  distorted-scale  hydravilic  models  as  a compromise  between  the 
requirements  of  Reynolds  and  Froudian  similitude  on  one  hand  and  prac- 
tical limitations  on  model  size  on  the  other.  Compromising  similitude 
requirements  may  result  in  scale  effects,  errors  in  reproduction  of  some 
phenomena  due  to  the  choice  of  scales.  However,  this  compromise  is  an 
essential  element  of  modeling  practice. 

15.  The  purpose  of  this  section  is  to  describe  some  commonly 
accepted  similitude  requirements  for  modeling  of  tides,  waves,  currents, 
and  sediment  transport,  and  the  compromises  that  are  necessary  in  a 
model  combining  these  phenomena.  Possible  scale  effects  are  then 
discussed. 

Hydraiilic  similitude 

16.  Modeling  of  tides  and  currents  is  usually  based  on  Froudian 
dynamic  similarity  and  distorted  geometric  similarity.  For  a given 
horizontal  length  scale,  distortion  of  length  scales  (larger  vertical 
scale  than  horizontal  scale)  increases  model  velocities  and  depths, 
minimizes  viscous  scale  effects  and  permits  economical  model  size. 

Scale  relations  for  tides  and  currents  are  derived  in  References  3,  4, 
and  others  and  those  derivations  are  not  repeated  here;  instead.  Table  1 
summarizes  scale  relations  for  tides  and  currents  according  to  Froudian 
similarity. 

17.  Also  shown  in  Table  1 are  scale  relations  for  modeling  of 
wind  waves  in  distorted-scale  physical  models.  Short-period  wave 
models  are  often  undistorted  since  distortion  prevents  simultaneous 
acciirate  modeling  of  diffraction  and  refraction.  In  a distorted-scale 
model,  either  diffraction  or  refraction  must  be  chosen  to  be  modeled 
correctly  and  the  wave  period  ratio  then  chosen  accordingly.  The  error 
in  wave  heights  due  to  the  effect  not  modeled  may  not  be  great,  but  it 


will  occur.  Refraction  due  to  wave-current  interaction  is  poorly  under- 
stood, but  it  seems  to  be  dependent^  upon  the  wave  steepness  (H/A),* 
relative  water  depth  (h/X)  and  a current  parameter  (uT/X).  If  the  wave 
period  scale  for  refraction  (Table  l)  is  used,  these  parameters  will  be 
scaled  correctly. 

Sediment  transport  similitude 

18.  Sediment  transport  processes  are  complex  and  poorly  under- 
stood, which  makes  quantitative  descriptions  and  thus  similitude  require- 
ments difficult  to  develop.  This  report  deals  only  with  noncohesive 
sediments,  for  which  some  similitude  requirements  may  be  deduced. 

19.  In  movable-bed  modeling,  the  problems  involved  in  combining 
similitude  requirements  for  hydraulic  behavior  with  those  of  sediment 
characteristics  and  sediment-water  interaction  at  first  seem  to  be 
insurmountable;  and  compromises  beyond  those  used  to  generate  Table  1 
are  necessary.  Hydraiilic  similitude  often  must  be  sacrificed  in  order 
to  obtain  sediment  transport  similarity;  however,  loss  of  hydraiilic 
similarity  must  be  approached  with  caution  to  avoid  forcing  the  model 
to  reproduce  observed  prototype  behavior  (verification)  without  retain- 
ing the  model's  ability  to  faithfiilly  reproduce  the  prototype's  response 
to  changed  conditions.  Hydraulic  similitude  should  at  least  be  a start- 
ing point  in  the  verification  process. 

20.  The  most  common  approach  to  developing  scaling  criteria  for 
noncohesive  sediment  transport  is  to  use  forms  of  the  dimensionless 
Shields  parameters.  The  first  of  these  parameters  can  be  expressed  as  a 
particle  densimetric  Froude  number  given  by 


F 


* 


u„ 


Y.'gd 


Y 


(1) 


where 

u^j  = shear  velocity  = 

T = average  bottom  shear  stress 
o 

p = density  of  water 


* For  convenience,  symbols  and  unusual  abbreviations  are  listed  and  de- 
fined in  the  Notation  (Appendix  A). 
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Y = unit  weight  of  water 

y'  = submerged  vinit  weight  of  sediment  particles  = Yg  - Y 
Yg  = unit  weight  of  sediment  particles 
d = representative  sediment  grain  size 
g = acceleration  due  to  gravity 

7 

The  parameter  corresponds  to  Einstein's  shear  intensity  function. 

21.  The  other  parameter  used  by  Shields  is  a particle  or  shear 
Reynolds  number  given  by 


R*  = 


Uj^d 


(2) 


where  v = kinematic  viscosity  of  water. 

22.  A number  of  other  parameters  for  defining  similitude  condi- 
tions are  potentially  important  to  the  coastal  movable-bed  model.  Sim- 
ilarity of  grain-size  distributions  is  usually  ignored;  but  in  situations 
where  grain  sorting  plays  a significant  role,  it  should  be  considered. 

The  ratio  of  grain  density  to  water  density  affects  sediment  particle 
trajectories.  Wave  characteristics  such  as  orbital  velocity,  orbit  size 
near  the  bottom,  and  wave  period  can  be  combined  to  form  several  dimen- 
sionless groups  including  wave  versions  of  and  F*  . Wave  period 

compared  with  particle  fall  velocity  can  be  an  important  consideration 
when  waves  contribute  significantly  to  the  transport  process.  These  and 
other  parameters  are  of  potential  importance,  and  various  authors  advo- 
cate different  combinations  to  define  similitude  conditions.  The  choice 
of  which  parameters  to  use  is  dependent  upon  what  the  modeler  perceives 
as  the  dominant  transport  mechanism  and  practical  constraints  upon  model 
design. 


23.  Choice  of  a parameter  involving  the  sediment  transport  rate  is 

7 

largely  dictated  by  the  location  and  mode  of  transport.  Einstein's 
transport  function  given  by  the  following  equation  is  often  used. 


$ = rs  _E 


1I4 


(3) 


where 


= sediment  transport  rate  in  weight  per  time  per  unit  width 
p = water  density 

Such  parameters  are  used  to  define  a sedimentation  time  scale  and  any 
sediment  transport  formula  found  to  be  applicable  can  be  used;  however, 
in  practice,  time  scales  are  usually  determined  empirically. 

2h.  Equations  1 and  2 can  be  used  as  similitude  conditions  by 
replacing  each  variable  with  the  model-to-prototype  ratio  of  the  vari- 
able. The  conditions  of  similitude  then  become 


= A.. 


y'd 
r r 


(J*a) 


= A.. 


= u„ 


'r  r 


(i*b) 


where  the  subscript  r indicates  a model-to-prototype  ratio  of  the 
subscripted  variable  and  the  A’s  are  scale  factors.  Complete  similar- 
ity of  a parameter  is  said  to  occur  when  A = 1 , and  deviation  from 
A = 1 results  in  scale  effects.  Deviation  is  permissible  if  the  result- 
ing scale  effects  are  acceptable. 

25.  If  the  A's  of  Equations  i*a  and  Ub  are  taken  to  be  equal  to 
1,  the  following  scale  ratios  result: 


Y 


I 

r 


( 5a) 


d 

r 


(5b) 


26.  Equations  5a  and  5b  are  useful  as  guides  to  model  design,  but 
it  is  generally  conceded  that  strict  adherence  to  these  results  (i.e., 

A = 1)  is  not  always  necessary  for  satisfactory  modeling  results.  In 
some  cases,  it  may  not  be  possible  to  satisfy  Equations  5a  and  5b  and 
maintain  a practical  model  sediment.  For  example,  model  geometric 
scales  dictated  by  cost  and  characteristics  of  the  site  to  be  modeled 


may  cause  Equations  5a  and  5b  to  yield  a sediment  that  is  too  fine  or 
light  for  practical  use.  Smeill  grain  sizes  and  low  specific  gravities 
make  model  sediments  tend  to  float  and  can  prevent  filling  of  the  model 
with  water  and  sounding  of  the  bed  by  ordinary  techniques.  From  the 
stajidpoint  of  their  use  by  Shields,  there  would  be  little  need  to  satisfy 
both  and  scaling  unless  incipient  motion  were  an  important  as- 

pect of  the  sediment  transport  to  be  modeled.  For  relatively  rapid 
transport,  an  argiunent  can  be  made  for  proper  scaling  only  of  F,j  since 
it  is  the  sheeir  intensity  relation  used  in  Einstein's  development.  A 
discussion  of  some  of  the  effects  of  deviation  from  Equations  5a  and  5b 
is  given  in  the  section  on  scale  effects  (see  paragraphs  36  and  37)- 

27.  If  Equations  5a  and  5b  are  to  be  used  for  model  design,  the 
scale  ratio  for  the  shear  velocity  must  be  determined.  Using  the 
relation 


u^f  = /ghS^  (6) 

where 

h = water  depth 

= energy  grade-line  slope 

then  from  the  scale  relations  for  depth  and  energy  slope  shown  in 
Table  1, 


where 

u^  = current  speed  ratio 

= horizontal  length  scale  ratio 
= vertical  length  scale  ratio 

28.  Kamphuis^  uses  experimental  results  on  bed  shear  stresses 
due  to  waves  to  develop  a different  expression  for  u^  , resulting  in 
the  scale  ratio 


1 

Ki 


I 

I 


where  = equivalent  bed  roughness  size. 

29.  For  plane  beds,  k^  can  be  assumed  approximately  equa  to  a 

representative  grain  size,  but  when  bed  forms  are  present,  k^  will  be 

greater  than  a typical  bed  grain  size.  Although  virtually  all  prototype 

sand  beds  and  some  models  have  undulating  bed  forms,  it  is  commonly 

assvuned  that  k = d ; actually,  most  model  beds  will  result  in  k 

sr  r ’ ’ sr 

less  than  d 
r 

30.  Another  approach  to  development  of  similitude  criteria  is  to 
nondimens ionalize  a sediment  transport  formula,  forming  dimensionless 
parameters  such  as  those  of  Equations  1,  2,  and  3.  An  advantage  to 
this  technique  is  that  scale  effects  can  be  more  readily  determined  than 
by  the  method  shown  above.  Unfortunately,  available  sediment  transport 
formulae  are  not  sufficiently  general  to  adeqioately  describe  the  trans- 
port under  a variety  of  flow  conditions.  In  particular,  there  are  no 
formulae  known  to  be  capable  of  adequately  describing  sediment  transport 
by  combined  effects  of  waves  and  nonsteady  currents.  Thus,  the  equa- 
tional  approach,  as  this  method  is  called,  is  not  necessarily  superior 
unless  a formula  is  known  to  accurately  describe  the  transport  to  be 
modeled . 


31.  An  example  of  the  equational  approach  is  given  by  Christensen 

0 

and  Snyder  in  which  du  Boys’  bed-load  formula  is  used  to  develop  a scale 
relation  for  the  grain-size  ratio  which  the  reference  recommends  for 
use  when  transport  rates  are  high.  The  resulting  equation  can  be 
expressed  as 


16/3 


d = 
r 


,8/3jl./3^V3 

r r r 


(9) 


32.  Most  investigators  use  a representative  grain  size  such  as 
the  mean  grain  diameter  for  d . Yalin  recommends  that  model  sedi- 
ments have  the  same  grain-size  distribution  as  the  prototype.  This  is 
a difficult  condition  to  satisfy  and  is  probably  unnecessary  in  most 
coastal  models  since  a relatively  narrow  grain-size  band  often  domi- 
nates local  sediment  deposition. 


IT 
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33.  An  additioneLL  requirement  for  accurate  reproduction  of  shoaling 
is  that  the  sediment  supply  to  the  area  of  interest  be  similar  in  model 
and  prototype.  If  the  effects  of  wave  climate  and  tidal  currents  on 
transport  are  correctly  reproduced,  then  sediment  supply  is  sufficient 
if  it  is  in  adequate  supply  at  the  model  boundaries.  Maintaining  a 
supply  may  require  artificially  feeding  sediment  at  the  model  boundaries. 
Scale  effects 

3^.  Evaluation  of  scale  effects  is  an  essential  element  in  model 
design,  test  design,  and  interpretation  of  results.  In  cases  where 
phenomena  are  well  understood  or  where  reliable  descriptive  equations  are 
available,  scale  effects  may  be  defined  quantitatively.  Unfortunately, 
many  coastal  phenomena  are  not  well  enough  understood  for  quantitative 
definition  of  scale  effects  and  evaluation  of  them  must  be  qualitative. 

35.  Hydraulic  scale  effects  due  to  viscosity  are  reduced  by  geo- 
metric scale  distortion,  but  for  reversing  tidal  flows  there  will  often 
be  short  periods  when  the  model  flow  will  not  be  fully  turbulent  and 
scale  effects  due  to  unequal  model  and  prototype  Reynolds  number  will 
occur.  As  long  as  these  periods  are  short  with  respect  to  the  total  time 
of  bed-load  transport,  the  effect  on  sedimentation  will  be  minor. 

36.  If  Equation  Ua  for  A does  not  have  a value  of  1,  the  rate 

^ * 

of  sediment  transport  may  be  scaled  incorrectly.  For  the  most  common 

case  of  A less  than  1,  the  transport  rate  will  be  low  since  the  in- 
^ » 

tensity  of  shear  is  low.  Adjustment  of  the  time  scale  can  compensate 
for  an  incorrect  rate  of  transport,  but  a difficulty  arises  in  that  dif- 
ferent time  scales  may  be  required  for  longshore  transport,  onshore- 
offshore  movement,  and  transport  by  tidal  currents. 

37.  Equation  ^b  can  be  viewed  in  somewhat  the  same  manner  as 
ordinary  Reynolds  similiarity  in  hydraulic  similitude — if  both  model 
and  prototype  values  of  R^  are  sufficiently  large  (greater  than  about 
2),  inexact  similitude  has  minor  effects.  As  with  Equation  Ua,  approach- 
ing A =1  is  most  important  when  initiation  of  sediment  motion  is  an 
important  part  of  the  transport.  At  high  transport  rates,  the  loss  of 
similarity  will  have  less  effect.  Thus  a lack  of  similitude  of  R^ 
will  be  most  troublesome  during  flow  reversals  when  sediment  motion  may 


not  begin  at  the  proper  time;  at  these  times,  the  flow  patterns  are 
often  considerably  different  than  at  strength  of  flow.  If  more  or  less 
model  sediment  is  in  motion  during  flow  reversals,  the  patterns  of  trans- 
port will  be  different  for  the  vol\ime  transported  during  that  interval. 

A common  method  of  compensating  for  low  model  values  of  is  to  pro- 

long periods  of  high  current  velocities  so  that  the  percentage  of  time 
at  low  velocities  is  reduced. 

Verification 

38.  Use  of  sophisticated  theory  to  design  a movable-bed  model 
does  not  eliminate  the  verification  process.  Although  theory  can  pro- 
vide useful  design  guidelines,  it  cannot  guarantee  that  the  model  will 
satisfactorily  reproduce  prototype  behavior.  Verification  requires  that 
a complex  and  unsteady  set  of  prototype  conditions  of  tides,  waves,  and 
sediment  supply  that  are  poorly  defined  (if  they  are  defined  at  all)  be 
modeled  by  a simplified  set  of  model  conditions.  By  choosing  a theory, 
the  modeler  is  able  to  develop  scales  for  the  important  phenomena;  but 
fortunate  indeed  is  the  modeler  who  has  adequate,  reliable  prototype 
data  to  which  the  scales  may  be  applied.  In  any  case,  a variable  tide 
must  normally  be  replaced  with  a simplified  average  tide,  a spectrum  of 
wave  heights,  periods,  and  directions  with  a few  typical  waves,  and  most 
wind  effects  must  be  neglected  altogether.  Then  after  the  model  is 
operated  with  these  simplified  conditions,  the  modeler  must  compare 

the  results  with  prototype  data  that  were  taken  for  another  purpose  and 
that  were  altered  by  storms,  dredging,  and  other  occurrences. 

39.  This  litany  of  the  woes  faced  by  the  movable-bed  modeler 
serves  to  emphasize  that  the  modeler's  art  and  experience  are  often  as 
important  as  his  science  and  that  model  results  require  careful  inter- 
pretation. The  interpretation  must  take  into  account  limitations  of  the 
model  in  reproducing  prototype  behavior  and  accuracy  of  both  model  and 
prototype  data.  It  must  also  be  emphasized  that  model  results  cannot  be 
interpreted  too  specifically — that  a given  volume  of  sediment  will  ac- 
cumulate in  a certain  time  or  that  a shoal  will  form  in  a particular 
spot.  In  short,  a movable-bed  model  is  an  engineering  tool  whose  limita- 
tions must  be  understood  before  its  results  may  be  profitably  applied. 
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PART  II:  GALVESTON  HARBOR  ENTRAI\ICE 


Description 

40.  Galveston  Harbor  entrance  is  a controlled  tidal  inlet  on  the 
Texas  coast  (Figure  l)  connecting  Galveston  Bay  with  the  Gulf  of  Mexico. 
The  inlet  separates  Galveston  Island  from  Bolivar  Peninsula.  The  Fed- 
eral navigation  channel  through  the  inlet  provides  access  between  the 
Gulf  of  Mexico  and  Galveston  Harbor,  the  Gulf  Intracoastal  Waterway, 

Texas  City  Channel,  and  Houston  Ship  Channel. 

Ll.  The  entrance  is  protected  on  both  the  northeast  and  southwest 
sides  by  rubble-mound  jetties.  The  north  jetty  extends  into  the  Gnlf 
of  Mexico  25,907  ft*  from  Bolivar  Peninsula  and  the  south  jetty  is 
35,900  ft  long,  though  it  extends  only  about  lU,000  ft  beyond  the  shore- 
line. A small-boat  opening  penetrates  the  north  jetty  about  8,000  ft 
from  shore.  Both  jetties  were  completed  prior  to  191O  and  have  been 
repaired  a nvunber  of  times.  At  the  time  the  model  study  was  initiated 
(i960),  the  jetties  were  in  moderate  disrepair,  with  low  sections  and 
large  voids  that  permitted  ciirrents  and  sediment  to  sweep  through  the 
jetties.  During  the  period  196U  throiigh  I96T,  most  of  the  north  jetty 
was  rehabilitated;  but  at  the  recommendation  of  the  model  study,  the 

outer  3,000  ft  was  allowed  to  deteriorate.  During  the  same  period,  the 

9 

outer  10,000  ft  of  the  south  jetty  was  rehabilitated. 

k2.  Prior  to  the  model  study  the  entrance  channel  approached  the 
jetties  from  the  southeast  (Figure  2),  turned  westward  near  the  north 
jetty  and  paralleled  it  for  a short  distance,  then  turned  southwest 
toward  Galveston  Channel.  The  channel  reaches  are  designated  as  the  in- 
ner bar  channel,  outer  bar  channel,  and  approach  channel  as  shown  in  Fig- 
ure 2.  Project  design  from  1950  to  the  time  of  the  model  study  consisted 
of  an  800-ft-wide  by  36-ft-deep**  inner  bar  channel  and  800-ft-wide 


* A table  of  factors  for  converting  U.  S.  customary  units  of  measure  to 
metric  (Sl)  units  is  presented  on  page  T* 

**  Depths  and  elevations  are  referred  to  mean  low  tide  (mlt),  unless 
otherwise  noted. 
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Figure  1.  Location  map  and  model  limits 


SMALL-BOAT  PASS 


Figure  2,  Galveston  Harbor  entrance  channel  realignment 
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by  38-ft-deep  outer  bar  and  approach  channels;  prior  to  1950,  the  chan- 
nels were  2 ft  shallower.  Following  the  model  study,  deeper  channels 
{ho  and  42  ft,  respectively)  were  dredged  along  the  revised  alignment 
shown  in  Figure  2. 

43.  Sediments  in  the  entrance  channel  are  predominantly  fine  sands 
of  the  type  found  on  the  beach  face.  Bed  samples  collected  in  1960^^ 

at  various  depths  showed  median  grain  sizes  on  the  inner  bar  ranging 
from  0.004  to  O.T  mm  and  specific  gravities  of  2.64  to  2.69.  Of  45 
samples  from  the  inner  bar  area,  64  percent  had  median  grain  sizes  in 
the  sand  size  range  and  36  percent  in  silt  and  clay  si7<^s.  Only  three 
samples  in  water  less  than  20  ft  deep  had  a median  grain  size  in  the 
silt-clay  range.  Outer  bar  samples  exhibited  median  grain  sizes  of 
0.025  to  4.7  mm  and  specific  gravities  in  the  range  2.63  to  2.75.  From 
a total  of  36  samples  in  the  outer  bar  area,  58  percent  had  median  grain 
diameters  of  sand  size  or  larger.  Typical  median  grain  sizes  were 
0.08  mm  for  the  inner  bar  channel  and  0.12  mm  for  the  outer  bar  channel. 
Previous  bed  sample  analyses^^  found  the  sand  spit  between  the  jetties 
to  be  99  percent  fine  sand  with  a median  size  of  0.l4  mm  and  the  outer 
bar  to  consist  of  90  percent  fine  sand  with  a median  size  of  0.15  mm. 

The  inner  bar  samples  had  a median  grain  size  of  0.12  mm  and  were  83  per- 
cent fine  sand.  Sediment  found  in  the  Galveston  Channel  near  Pelican 
Island  was  60  to  70  percent  clay. 

44.  Tides  at  Galveston  are  predominantly  diurnal  but  have  a semi- 
diurnal component  during  part  of  the  lunar  month.  Mean  tide  range  is 
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2.0  ft  outside  and  1.4  ft  inside  the  inlet.  Galveston  Bay  has  a sur- 
face area  of  about  459  square  miles  and  a tidal  prism  estimated  to  be 
about  75,000  to  250,000  acre-ft  for  normal  tides. The  tidal  prism  of 
the  bay  is  shared  by  Galveston  Harbor  entrance  and  Rollover  Pass,  20  miles 
northeast  of  Galveston.  Barometric  tides  and  wind  setup  and  setdown  can 
cause  large  variations  in  water-surface  levels,  even  obscuring  astronom- 
ical tides.  Extreme  water-level  observations  range  from  -4.3  ft  mean 
sea  level  (msl)*  to  +12  ft  msl.  Such  large  deviations  from  normal 


water  levels  cause  extreme  variations  in  tidal  prism  as  well  and  have 
the  potential  to  alter  the  inlet  configuration. 

U5.  Maximum  current  velocities  in  the  entrance  channel  usually 

range  from  3 to  5 fps,  although  spring  tide  velocities  greater  than 
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7 fps  have  been  observed.  Peak  ebb  current  velocities  are  often 
greater  than  peak  flood  velocities,  apparently  due  to  a shorter  ebb  flow 
duration  and  ebb  flow  concentration. 

U6.  Principal  sources  of  freshwater  inflow  to  the  bay  are  the 
Trinity  and  San  Jacinto  Rivers.  Annual  average  inflow  from  all  tribu- 
taries is  about  8700  cfs  of  which  about  7000  cfs  comes  from  the  Trinity 
River. 

i*7.  Salinity  observations  of  the  entrance  in  1965  showed  salini- 
ties ranging  from  13.8  ppt  at  the  surface  and  25.8  ppt  at  the  bottom 

during  high  freshwater  flows  to  32.2  ppt  and  32.3  ppt  at  the  surface  and 
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bottom,  respectively,  for  low  freshwater  flows. 

U8.  Wind  effects  are  an  important  factor  in  sediment  transport  as 
well  as  water  levels  in  Galveston  Bay.  The  prevailing  wind  directions 
are  from  the  south  and  southeast,  but  strong  northerly  winds  are  fre- 
quent in  the  winter.  Local  waves  and  currents  generated  by  the  wind 
resuspend  and  transport  large  volumes  of  sediment  within  the  bay. 

Winter  storms  called  northers  affect  tides,  ciirrents,  wave  conditions, 
and  sediment  transport  for  several  days.  Northers  begin  by  blowing 
strongly  from  the  south,  causing  wind  setup  in  the  north  end  of  the 
bay  and  setdown  in  the  south  end.  Just  inside  the  inlet.  This  causes 
high  flood  flows  through  Bolivar  Roads  (Figure  2),  until  the  setdown  is 
compensated  for  and  the  general  bay  elevation  is  increased,  which  re- 
sults in  stored  water  in  the  bay.  Then  the  winds  shift  to  the  south, 
causing  setup  in  the  south  end  of  the  bay  and  the  stored  water  leaves 
the  bay,  causing  high  ebb  velocities  through  Bolivar  Roads.  This  rapid 
lowering  of  the  water  levels  in  the  bay  may  cause  heavy  sediment  trans- 
port into  the  inlet  area.  However,  the  high  current  velocities  through 
the  inlet  may  cause  scouring,  depending  on  the  amount  of  sediment  being 
supplied  from  the  bay. 

i*9.  Net  littoral  transport  in  the  vicinity  of  the  inlet  is 
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generally  considered  to  be  toward  the  southwest. l^-l6  w^-tson^^  cal- 
culates the  gross  littoral  transport  rate  at  Caplen,  IT  miles  northeast 
of  Galveston,  to  be  about  430,000  cu  yd  per  year  with  a net  transport 
of  about  130,000  cu  yd  per  year  toward  the  southwest.  At  East  Beach, 
immediately  southwest  of  the  inlet,  he  calculates  a gross  transport  rate 
of  only  120,000  cu  yd  per  year  and  a net  of  about  20,000  cu  yd  per  year 
toward  the  southwest.  Watson  notes  that  both  gross  and  net  transport 
computed  volumes  at  East  Beach  may  be  low  since  the  observation  point 
for  the  wave  data  used  is  shielded  from  northeast  waves  by  the  south 
Jetty.  Estimates  of  transport  rates  for  both  locations  show  a gross 
transport  rate  three  to  six  times  the  net  transport. 
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50.  A sand  tracer  study  at  Galveston  Harbor  entrance  found  that 
sand  from  northeast  of  the  jetty  moved  both  throxigh  the  north  Jetty 
small-boat  pass  into  the  inner  bar  channel  and  around  the  tip  of  the 
Jetty  into  the  outer  bar  channel.  During  the  brief  tracing  study,  mate- 
rial placed  southwest  of  the  inlet  did  not  move  into  the  entrance. 

51.  Table  2 shows  frequencies  of  wave  heights  and  periods  occur- 
ring in  deep  water  near  Galveston.  The  bulk  of  the  waves  are  rather 
short-period  waves  (less  than  6 sec)  between  1 and  U ft  in  height,  but 
there  is  a significant  percentage  (IT  percent)  of  wave  heights  between 

5 and  6 ft.  Plates  1 and  2 show  offshore  wave  period  and  height  roses 
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generated  by  hindcasting  techniques.  The  frequencies  of  occurrence 
shown  in  the  roses  are  annual  averages  calculated  for  1950,  1952,  and 
1954  for  a location  about  115  miles  southeast  of  Galveston  at  latitude 
2T°58'N  and  longitude  93°52'W.  According  to  these  hindcasts,  both  sea 
and  swell  are  predominantly  from  the  south-southwest  to  east- southeast 
with  swell,  constituting  about  10  percent  of  the  wave  frequencies,  ex- 
hibiting strongly  predominant  directions  between  south-southeast  and 
east-southeast . 

52.  Shoaling  processes  in  Galveston  Harbor  entrance  can  be 
temporarily  altered  by  tropical  storms.  Surges  caused  by  the  storms 
can  result  in  wave  erosion  of  coastal  dunes,  adding  sediment  to  the 
littoral  zone.  High  water  levels  may  also  cause  overtopping  of  the 
Jetties  and  high  flow  rates  through  the  inlet.  Waves  generated  by  more 
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distant  tropical  storms  can  greatly  increase  the  littoral  transport  rate 
and  temporarily  load  the  entrance  with  excess  sand. 

53-  Hurricanes  pass  close  to  Galveston  on  an  average  of  every  5 
to  10  years,  but  tropical  storms,  including  those  that  do  not  qualify  as 
hurricanes,  pass  near  the  Texas-Louisiana  coastal  area  much  more  fre- 
quently. Table  3 lists  tropical  storms  and  hurricanes  occurring  in  the 
Gulf  of  Mexico  during  the  period  1950-1973  and  Plates  3-5  show  the  paths 
of  storms  that  occurred  during  periods  addressed  by  this  study. 

5^.  It  has  been  reported^^  that  the  hurricanes  of  1900  and  1915 

that  struck  Galveston  did  not  cause  large  changes  in  cross-sectional 

area  of  the  inlet.  The  effect  of  Hurricane  Carla  (September  1961)  on 

shoaling  in  the  Galveston  Harbor  entrance  channel  was  well  documented 
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by  the  U.  S.  Army  Engineer  District,  Galveston,  and  offers  an  insight 
into  the  effects  of  hurricanes  passing  close  to  the  inlet.  Carla 
crossed  the  Texas  coast  on  11  September  1961  near  Port  O’Connor  which 
is  about  120  miles  southwest  of  Galveston.  A maximimi  storm  surge  ele- 
vation of  9*3  ft  msl  was  recorded  at  Galveston  and  maximum  water- 
surface  elevations  of  up  to  +15  ft  msl  occurred  in  Galveston  Bay.  Wave 
heights  were  not  measured.  A siarvey  of  the  entrance  channel  within  the 
jetties  was  made  in  June,  3 months  before  Carla,  and  another  was  made 
a month  after  the  storm.  Comparison  of  the  pre-  and  post-Carla  surveys 
(Plate  6)  showed  that  approximately  equal  amounts  of  scour  and  fill 
occurred,  with  scour  covering  a somewhat  greater  area.  Most  of  the 
shoaling  occiirred  along  the  north  Jetty  where  depths  decreased  as  much 
as  6 ft.  Another  shoal  area  was  situated  along  the  inside  of  the  outer 
end  of  the  south  Jetty.  Shoaling  on  the  inner  bar  suggests  that  a sub- 
stantial amount  of  sand  passed  over  or  through  the  nearshore  end  of 
the  north  Jetty. 

55-  The  Galveston  Harbor  entrance  channel  is  dredged  annually, 
usually  doiring  the  fall  months,  by  Government  hopper  dredges.  Dredged 
volumes  for  the  period  1953  to  1973  are  shown  in  Table  The  average 
annual  dredging  volume  prior  to  enlarging  and  realigning  the  entrance 
channel  in  1965-1968  was  1,2^*0,000  cu  yd. 

56.  Prior  to  realignment,  the  entrance  channel  required 
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substantial  dredging  as  shown  in  Table  U and  experienced  scour  at  the 
toe  of  the  north  Jetty  where  the  outer  bar  channel  paralleled  it.  In 
addition,  its  Junction  with  the  Houston  Ship  Channel  was  a sharp  turn 
that  was  difficult  to  navigate. 

Construction  of  Realigned  Channel 

57 • Based  on  the  results  of  the  movable-bed  model  study,  the 
entrance  channel  was  deepened  and  realigned  to  a more  direct  route  to 
the  Gulf  of  Mexico  (Figure  2),  easing  the  sharp  bend  at  the  inner  ends 
of  the  Jetties  and  shifting  the  channel  an  appreciable  distance  away 
from  the  north  Jetty  in  the  area  where  undermining  by  tidal  currents 
threatened.  The  entrance  channel  was  deepened  U ft  over  its  entire 
length  to  project  depths  of  UO  and  h2  ft,  respectively,  for  the  inner 
and  outer  bar  channels.  An  anchorage  basin  was  also  constructed  be- 
tween the  new  and  the  abandoned  channel  with  a depth  of  3^  ft  covering 
2 square  miles  (Figure  3). 

58.  A procedure  for  constructing  the  realigned  channel  was  de- 
veloped by  WES  and  the  Galveston  District.  This  construction  schedule 
was  estimated  'CO  require  approximately  2 years  to  complete.  A model 
test  incorporating  this  procedure  was  conducted  covering  2 model  years 
of  construction  and  continuing  for  6 years  thereafter.  The  prototype 
construction  sequence  was  very  similar  to  that  followed  in  the  model; 
however,  the  time  required  for  construction  was  approximately  3 years. 
Construction  of  the  channel  realignment  began  in  December  196^  and  was 
completed  in  October  196?.  Construction  of  the  anchorage  basin  required 
an  additional  IT  months. 

59*  The  prototype  construction  sequence  is  shown  in  Figure  3. 

The  volianes  dredged  during  this  sequence  of  construction  are  presented 
in  Table  5.  The  first  phase  of  the  construction  sequence  was  to  exca- 
vate the  southern  half  of  the  realigned  inner  and  outer  bar  channels. 
During  the  second  phase,  the  approach  channel  was  deepened  concurrently 
with  excavation  of  the  northern  half  of  the  inner  and  outer  bar  channels. 
Finally,  the  anchorage  basin  was  dredged. 


Construction  procedure 


60.  IXiring  the  first  8 months,  3,608,500  cu  yd  was  removed  while 
excavating  the  southern  half  of  the  inner  and  outer  bar  channels  and 
partially  deepening  the  approach  channel.  This  material  was  deposited 
either  on  land  or  in  the  sea  disposal  area  well  outside  the  Jetties. 

For  the  remainder  of  the  construction  sequence  (second  phase),  the 
partially  completed  new  channel  was  opened  to  ship  traffic  and  a portion 
of  the  old  channel  alongside  the  north  Jetty  was  used  as  a disposal 
area.  During  the  second  phase  of  cohstruction,  12,931,400  cu  yd  of 
material  was  dredged  from  the  realigned  channel  and  4,790»500  cu  yd  was 
dredged  from  the  anchorage  basin.  Of  this  17,721,900  cu  yd  dredged 
d\iring  the  second  phase,  5,845,100  cu  yd  was  deposited  in  the  abandoned 
channel  adjacent  to  the  north  Jetty.  This  disposal  area  was  used  to 
alleviate  the  scouring  at  the  toe  of  the  north  Jetty  by  tidal  currents 
and  to  maintain  a constant  crosssectional  area  between  the  Jetties. 

61.  During  the  prototype  construction  period,  l6, 540, 000  cu  yd  of 
material  was  dredged  from  the  realigned  navigation  channel  and  4,791,000 
cu  yd  was  dredged  from  the  anchorage  basin.  Of  this  construction  dredg- 
ing total  of  21,329,900  cu  yd,  5,845,100  cu  yd  of  material  was  deposited 
in  the  old  channel. 

62.  Following  the  completion  of  channel  realignment,  maintenance 
dredging  was  performed  each  year.  The  dredging  usually  began  in  November 
or  December  and  was  concluded  early  in  the  following  year,  between  Feb- 
ruary and  April.  This  pattern  held  until  the  sixth  year  after  the  com- 
pletion of  construction.  In  January  1974,  the  hopper  dredge  MaoKenzie 
sank  in  the  entrance  channel  while  dredging,  partially  blocking  the 
channel.  Emergency  dredging  operations  were  required  to  bypass  the 
sxinken  dredge.  As  a result,  maintenance  dredging  figures  for  that  year 
were  not  determined.  That  occurrence  marks  the  end  of  the  prototype 
data  period  used  for  this  postconstruction  verification  study. 

Data  Collection 


63.  Prototype  data  collection  was  accomplished  by  the  Galveston 
District  at  intervals  over  the  long  period  involved  in  this  study.  The 


data  were  not  collected  specifically  for  this  study  but  rather  as  routine 
investigations  of  the  condition  of  the  Galveston  Inlet  area  and  naviga- 
tion channel.  The  data  were  supplied  by  the  Galveston  District  upon 
request  by  WES. 

64.  Several  types  of  prototype  data  were  used  in  this  study. 

Annual  dredging  volumes  for  1950  to  1959  were  obtained  from  the  Annual 
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Reports  on  Civil  Works  Projects,  OCE.  Dredging  volumes  for  1953  to 
1961  were  supplied  WES  by  the  Galveston  District  at  the  time  of  the 
original  model  study.  Dredging  volumes  from  i960  to  1973  were  obtained 
from  the  hopper  dredge  operations  monthly  report  sheets  and  confirmed 
by  the  voliames  reported  in  the  OCE  Annual  Reports. 

65.  Before  and  after  each  postconstruction  dredging  operation, 
surveys  of  the  entrance  channel  were  made.  These  soundings  were  con- 
ducted by  simultaneously  employing  the  triangulation  system  for  hori- 
zontal control  and  the  fathometer  strip  chart  recorder  for  vertical 
control.  The  accuracy  of  the  control  used  during  these  surveys  is  de- 
pendent on  many  variables.  Vertical  control  is  affected  by  fathometer 
accuracy;  vessel  loading  and  attitude;  wave  action;  vessel  rolling,  heav- 
ing, and  pitching;  correction  for  tidal  fluctuation;  and  water  temper- 
ature and  salinity.  Horizontal  control  accuracy  is  dependent  on  angular 
uncertainty,  distance  between  the  transit  and  boat,  speed  of  the  boat, 
and  human  error  in  reading  the  transit.  With  reasonable  care,  the  error 
in  vertical  control  can  be  reduced  to  the  effects  of  wave  action  and 
vessel  motions.  For  average  wave  conditions,  the  vertical  control  may 

be  assumed  to  be  accurate  within  +1  ft. 

66.  At  intervals  over  the  period  covered  in  this  study,  compre- 
hensive hydrographic  surveys  were  made  of  the  vicinity  of  Galveston 
Inlet,  covering  the  area  between  the  jetties  and  the  surrounding  off- 
shore areas.  These  surveys  utilized  an  automatic  recording  tape  system 
in  connection  with  electronic  positioning  equipment.  These  surveys  were 
used  to  determine  the  .-elative  zones  of  shoaling  and  scouring  in  the 
overall  area  between  the  jetties.  By  using  this  system,  the  horizontal 
control  is  believed  to  be  within  1 m,  the  best  that  can  be  attained  at 
present.  With  this  system,  however,  the  problems  involved  in  vertical 
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control  are  the  same  as  with  the  triangulation  system.  ' 

6T.  The  potential  error  in  computing  shoaling  volumes  from  the  ; 

hydrographic  data  used  in  this  study  is  difficizlt  to  estimate.  If  the  j 

error  in  an  individual  depth  reading  is  accepted  as  +1  ft,  the  average 
error  over  the  entrance  channel  should  be  less  than  1 ft  unless  a sys- 
tematic error  occurs.  Such  a systematic  error  might  be  an  incorrect  ad- 
justment for  tidal  stage.  If  the  average  error  were  as  great  as  1 ft, 
it  would  have  little  impact  on  scour-and-fill  analyses  that  look  for 
several  feet  of  change  but  would  drastically  affect  shoaling  volumes. 

For  example,  the  bottom  of  the  entire  entrance  channel  covers  about 
1*0  X 10^  sq  ft,  and  an  average  depth  error  of  1 ft  would  constitute  a 

shoaling  volume  error  of  1.5  ^ 10^  cu  yd.  This  is  equivalent  to  a year's  , 

dredging  volume.  Even  a 0.1-ft  average  error  would  constitute  a 10  per- 
cent error.  ! 

68.  An  additional  source  of  potential  error  is  contamination  of 
individual  surveys  by  seasonal  variations  in  shoaling  patterns  and  ' 

volumes.  This  report  deals  only  with  average  annual  shoaling  volumes 
which  should  experience  minimal  effect  from  seasonal  variations. 

Seasonal  variations  could  affect  bed  condition  maps  generated  from  j 
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soundings  obtained  at  different  times  of  the  year,  but  it  is  believed 
that  such  seasonally  induced  changes  would  be  less  than  those  due  to 
singular  events  such  as  storms  that  might  affect  bed  configuration  for 
a year  or  more. 
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PART  III:  THE  MODEL 


Description 

69.  The  Galveston  Harbor  entrance  model  was  a combination  fixed- 
and  movable-bed  model  reproducing  Bolivar  Roads,  a small  portion  of  Gal- 
veston Island  and  Bay,  and  a portion  of  the  Gulf  of  Mexico  (Figure  l). 

The  movable-bed  portion  of  the  model,  shown  by  the  dotted  line  in  Fig- 
ure 1,  included  the  Jetty  channel,  a short  section  of  beach  on  either 
side  of  the  Jetties,  and  offshore  hydrography  to  the  50- ft  depth  contour. 
The  fixed-bed  portion  of  the  model  was  molded  in  concrete  and  the 
movable-bed  portion,  in  crushed  coal. 

70.  The  model  Jetties  were  constructed  of  gravel  mortar.  At 
locations  along  the  breakwater  where  prototype  surveys  had  indicated 

a large  surface  gap,  the  model  Jetty  was  constructed  with  a similar  gap. 
Voids  below  the  waterline  and  breakwater  porosity  were  not  reproduced 
in  the  model. 

71.  Model  length  scales  were  1:100  vertically  and  1:500  hori- 
zontally. The  resulting  scales  for  hydrodynamic  phenomena  can  be  com- 
puted from  Table  1.  Scales  for  sediment  transport  are  discussed  in  this 
section  under  the  heading  of  scale  effects. 

72.  The  model  sediment  was  crushed  coal  (angle  of  repose  about 
33  deg)  with  a specific  gravity  of  1.4,  a median  grain  size  of  1.4  mm, 
and  a grain  size  range  of  0.1  to  5.0  mm.  The  median  grain  size  was  ad- 
justed to  that  which  resulted  in  no  bed  ripples.  Pronounced  bed  forms 
were  not  observed  in  the  model. 

73.  Fresh  water  was  used  in  the  model  throughout  the  tests. 

Appurtenances 

74.  Four  tide  generators  at  locations  shown  in  Figure  1 main- 
tained proper  tidal  elevations  and  flow  rates  at  the  model’s  water 
boundaries . 

75.  Waves  were  generated  in  the  model  by  a 100-ft-long 
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plunger-type  wave  generator  that  was  moved  to  provide  the  desired  direc- 
tion of  wave  approach.  Adjustment  of  stroke  and  angular  speed  of  the 
plunger  permitted  variation  in  wave  height  and  period. 

76.  The  movable-bed  portion  of  the  model  was  molded  to  its 
initial  configuration  for  each  test  by  means  of  sheet  metal  templates 
suspended  from  elevated  grade  rails.  Soundings  of  the  bed  surface  were 
taken  by  means  of  horizontally  graduated  guide  rails  and  a vertically 
graduated  sounding  rod  with  a hinged  pad  at  the  bottom  to  prevent  pene- 
tration into  the  coal  while  sounding.  The  soundings  were  obtained  at 
O.U-ft  (200  ft  prototype)  intervals  along  ranges  separated  by  2.0  ft 
(1000  ft  prototype)  as  shown  in  Figure  3. 

Hydraulic  Verification 

77*  The  hydraiilic  verification  procedure  involved  adjusting  the 
master  tide  generator  to  reproduce  observed  prototype  tidal  elevations 
at  the  Pleasure  Pier  gage  (Figure  l),  then  adjusting  the  secondary  tide 
generators  to  properly  reproduce  observed  prototype  tides  at  sta  1-5 
and  velocities  at  sta  A-1,  B-2,  C-2,  and  F-3.  Results  of  the  hydraulic 
verification  are  shown  in  Plates  7-9. 

Shoaling  Verification 

78.  Verification  of  shoaling  in  the  model  was  based  upon  dredging 
records  for  the  period  1957-1961  and  comprehensive  hydrographic  surveys 
of  1950  (Plate  10)  and  i960  (Plate  ll).  The  verification  process  is 
discussed  in  Reference  2. 

79.  Model  operation  for  final  shoaling  verification  is  illus- 
trated in  Figure  h and  described  below.  A mean  tide  (2.1-ft  range)  was 
maintained  at  Pleasure  Pier,  but  current  velocities  were  increased 

35  percent  over  mean  tide  values.  The  sequence  of  operations  was  as 
follows: 

a.  Beginning  at  high  water,  the  tide  alone  was  produced  for 
a half  cycle  to  low  water. 

b.  Waves  (paragraph  81)  were  produced  for  one  cycle  together 
with  the  tide. 


c_.  At  the  second  low  water,  waves  and  tide  were  stopped  and 
maximum  ebb  velocities  were  maintained  for  1 hr  (model) 
by  holding  a constant  head  across  the  inlet. 

Tide  and  waves  were  resumed  for  one  cycle.  At  next  low 
water,  waves  were  stopped  and  tide  was  continued  to  high 
water. 

At  high  water,  the  tide  was  stopped  and  maximum  flood 
velocities  were  maintained  for  1 hr  (model). 

The  tidal  operation  sequence  was  repeated  (a  through  £) . 

Each  sequence  (^  through  je)  required  about  3-1/2  hr.  At  the  end  of  two 
such  sequences  (7  hr),  model  operation  was  stopped  altogether  and 
the  navigation  channel  was  dredged.  The  verification  process  con- 
sisted of  repeating  the  pattern  (two  sequences  and  dredging)  seven 
times,  representing  a prototype  period  of  7 years. 

80.  Dredging  in  the  model  during  verification  tests  and  subse- 
quent plan  tests  consisted  of  dredging  only  those  areas  where  the  depth 


was  shallower  than  the  project  depth.  When  dredged,  these  areas 
were  deepened  to  4 ft  greater  than  design  depth  (2- ft  overdepth  and 
2-ft  advance  maintenance). 

81.  Wave  direction,  period,  and  height  were  adjusted  until 
sediment  movement  in  the  outer  bar  was  as  desired.  The  wave  used  in  the 
final  verification  was  from  S3T°E  with  a model  period  of  0.77  sec.  More 
oblique  wave  angles  from  both  sides  of  the  inlet  were  tried  but  insuf- 
ficient movement  of  the  model  bed  was  observed  at  other  angles.  Model 
wave  height  was  not  recorded  but  was  estimated  to  be  about  0.05  ft. 

These  characteristics  correspond  to  a prototype  wave  of  7.7-sec  period 
and  5-ft  height  according  to  the  scale  ratios  of  Table  1,  using  refrac- 
tion as  the  controlling  factor  in  wave  modeling. 

82.  Although  the  portion  of  the  model  in  which  the  wave  generator 
was  placed  was  about  1.2  ft  deep  (120  ft  prototype),  its  scaled  distance 
offshore  corresponded  to  a location  50  to  60  ft  deep  in  the  prototype. 
Thus  the  verification  wave  could  be  expected  to  have  experienced  some  re- 
fraction and  some  height  change  prior  to  its  arrival  at  the  wave  genera- 
tor location.  Because  of  the  wave  crest's  orientation  (nearly  parallel 
to  the  coastline),  very  little  refraction  would  have  occurred  if  the  wave 
had  originated  in  deeper  water.  Wave  shoaling  computations  indicate  that 
the  deepwater  wave  height  in  absence  of  refraction  would  have  been  about 
10  percent  higher  than  the  wave  occurring  at  the  wave  generator  location. 

83.  Dredged  volumes  for  the  period  FY  1953  through  FY  1961  were 
worked  up  for  the  navigation  channel  and  provided  by  the  Galveston  Dis- 
trict, for  use  during  shoaling  verification.  In  the  original  verifica- 
tion, the  period  1957-1961  was  used  for  comparison  with  model  results. 

The  dredging  volumes  for  that  prototype  period  and  model  scaled  volumes 
for  a 7-year  period  are  presented  in  Table  6.  Note  that  these  volumes 
differ  from  those  in  Table  I4.  For  the  verification  tests,  the  dredged 
volimie  for  the  outer  bar  channel  and  approach  channel  were  combined  into 
a single  figure  for  the  outer  bar  channel  due  to  having  no  finer  break- 
down of  prototype  volumes.  The  tables  show  the  model  and  prototype 
dredged  volumes  for  the  inner  and  outer  bar  channels  for  each  year  and 
then  an  average  annual  rate. 
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8h.  The  last  row  of  numbers  in  the  top  and  bottom  portions  of 
Table  6 gives  the  maximum  variations  in  annual  dredging  for  the  average 
values.  In  the  prototype,  the  annual  rate  will  vary  according  to  the 
natural  variations  in  shoaling  rate  plus  artificial  variations  due  to 
di’edge  availability,  funding  levels  for  maintenance  operations,  and 
use  of  allowable  overdepth  and  advance  maintenance.  Variation  in  model 
values  will  be  due  to  imprecision  in  the  dredging  process  and  minor 
changes  in  the  shoaling  rate  due  to  changing  sediment  supply  from  the 
undredged  portions  of  the  model.  The  1957-1961  prototype  period  was 
used  for  comparison  with  model  values  for  shoaling  verification. 

85.  The  model  average  dredging  volimies  compare  fairly  well  with 
those  of  the  prototype.  Distribution  of  dredging  between  inner  and 
outer  bar  channels  was  roughly  the  same  in  model  and  prototype,  al- 
though the  model  volumes  were  about  2h  percent  less  than  those  of  the 
prototype . 

86.  Prototype  bed  changes  for  the  verification  period,  developed 
from  Plates  10  and  11,  are  shown  in  Plate  12  and  those  for  the  model  in 
Plate  13.  These  two  maps  reveal  that  the  model  reproduced  some  patterns 
but  not  others.  Both  maps  show  a moderately  large  shoal  forming  at  the 
inner  end  of  the  inner  bar  channel  with  the  model  shoal  displaced  some- 
what seaward  of  its  location  in  the  prototype.  Similarly,  both  show  a 
large  scour  zone  between  the  channel  and  south  jetty  although  in  the 
prototype  it  is  closer  to  the  jetty  than  in  the  model.  Obvious  dif- 
ferences in  the  model  (Plate  13)  are  the  shoal  just  inside  the  south 
jetty  and  the  lack  of  slight  reductions  in  depth  outside  the  jetties. 

Base  and  Plan  Tests  Description 

87.  The  basic  model  operating  procedure  for  base  and  plan  tests 
was  identical  with  that  used  for  verification.  The  testing  procedure, 
however,  was  lengthened  for  the  base  tests  to  represent  a 12-year 
period.  The  first  8 years  had  annual  dredging  to  restore  project  c)iannel 
depths.  After  the  eightli  year,  about  3,000,000  cu  yd  of  sediment  was 
placed  between  the  channel  and  the  inner  end  of  the  south  jetty  to 
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simulate  storm  deposition.  The  model  was  then  operated  for  an  additional 
U years,  with  maintenance  dredging  at  the  end  of  each  year. 

88.  For  the  base  test,  the  movable-bed  section  was  molded  to  the 
configiiration  of  the  i960  survey  except  for  the  navigation  channel,  which 
was  dredged  along  the  existing  channel  alignment  to  project  dimensions. 
Dredged  material  was  placed  in  the  prototype  disposal  area  3 miles  off- 
shore of  the  south  jetty. 

89*  The  recommended  plan,  designated  plan  2,  was  constructed  as 
shown  in  Figure  2 (with  the  construction  sequence  described  in  paragraph 
59).  Areas  outside  the  channel  initially  were  molded  to  the  I96O  condi- 
tion. The  existing  channel  was  dredged  to  project  dimensions  and  the 
realigned  inner  and  outer  bar  channels  were  dredged  to  8OO  ft  wide  by 
h2  ft  deep  and  ft  deep,  respectively.  The  approach  channel  was 
dredged  to  8OO  ft  wide  by  UU  ft  deep  along  its  previous  alignment;  deep- 
ening the  channel  by  U ft  required  extension  of  the  approach  channel 
farther  offshore,  increasing  its  length  by  about  30  percent.  A portion 
(U, 000, 000  cu  yd)  of  the  annual  dredged  vol\unes  during  the  plan  test 
was  placed  in  a disposal  area  along  the  inside  of  the  north  jetty  and 
in  the  abandoned  reach  of  outer  bar  channel  as  shown  in  Figure  3.  The 
proposed  channel  realignment  placed  the  navigation  channel  along  an 
apparent  meander  channel  through  the  inlet. 

90.  Five  channel  realignment  plans  were  tested  in  the  model. 

Plan  2 was  determined  to  be  the  best  of  the  five  and  was  selected  for 
construction.  A repeat  test  of  plan  2 was  performed  to  check  model 
repeatability  and  to  serve  as  a base  test  for  subsequent  testing.  Com- 
parisons of  the  initial  and  repeat  test  results  are  presented  in  Table  7* 
Substantial  variation  occurred  among  yearly  volumes  and  the  8-year 
average  changed  by  about  15  percent. 

91.  With  the  plan  2 channel  realignment  installed  in  the  model, 
supplemental  studies  were  conducted  of  construction  procedures  for  the 
realigned  channel,  jetty  rehabilitation,  use  of  dredged  material  dis- 
posal area,  dredging  techniques,  and  anchorage  basins. 

92.  Personnel  of  WES  and  the  Galveston  District  developed  the 
sequence  for  construction  of  the  channel  realignment  (as  described  in 


paragraph  59  and  Figure  3)  to  be  tested  in  the  model.  Construction 
procedure  tests  involved  dredging  the  realignment  channel  in  increments 
over  a 2-year  period.  At  the  beginning  of  the  test,  the  south  half  of 
the  realigned  inner  and  outer  bar  channels  was  dredged  to  project  depth 
and  the  dredged  material  was  removed  from  the  model.  The  approach 
channel  was  dredged  to  a 'depth  of  1+0  ft.  After  1 year  of  model  opera- 
tion, the  north  half  of  the  realigned  inner  bar  channel  was  also  dredged 
to  project  depth  and  maintenance  dredging  was  performed  on  the  previ- 
ously dredged  sections.  Part  of  the  dredged  material  was  removed  from 
the  model  and  part  was  placed  in  the  abandoned  outer  bar  channel.  After 
an  additional  half  year  of  operation,  the  north  half  of  the  realigned 
outer  bar  channel  was  dredged  to  project  depth  and  maintenance  dredging 
was  performed  on  previously  dredged  reaches.  All  dredged  material  in 
this  operation  was  placed  in  the  abandoned  outer  bar  channel.  After  a 
second  half  year  of  operation,  the  approach  channel  was  dredged  to 
project  depth  (1+U  ft)  and  maintenance  dredging  was  performed,  with 
dredged  material  again  being  placed  in  the  abandoned  outer  bar  channel. 
The  model  was  then  operated  for  six  additional  years,  with  maintenance 
dredging  at  the  end  of  each  year. 

93.  Tests  were  also  conducted  to  determine  the  effects  of  per- 
mitting the  outer  3000  ft  of  the  north  jetty  to  deteriorate.  The  model 
was  operated  for  2 years  with  the  plan  2 cliannel  installed;  then  the 
Jetty  was  degraded  to  an  elevation  of  -12  ft  mlt.  The  model  was  then 
operated  for  6 years  as  described  in  the  base  test. 

Scale  Effects 


9!+.  Determination  of  hydraulic  scale  effects  in  the  model  is 

relatively  straightforward.  Model  and  prototype  had  average  Reynolds 

3 6 

numbers  of  about  3 ^ 10'^  and  3 10  , respectively,  botli  well  in  excess 

of  values  (about  500  to  lOOO)  at  which  viscous  flow  may  occur.  Model 
Reynolds  numbers  did  not  approach  the  viscous  range  until  velocities 
dropped  to  about  0.05  fps  (prototype  scale)  in  the  areas  of  interest. 
This  occurred  for  a very  small  fraction  of  the  tidal  cycle,  so  iiydraulic 
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scale  effects  due  to  viscous  effects  can  be  considered  negligible. 

95.  The  combined  effect  of  raising  model  velocities  by  35  percent 
and  prolonging  maximum  velocities  in  the  verification  tests  would  make 
the  model-to-prototype  scale  ratio  for  the  average  tidal  current  veloc- 
ity about  1:5.5  rather  than  the  Freudian  1:10.  However,  Plate  9 shows 
that  the  model  velocities  were  somewhat  low  in  the  hydraulic  verifica- 
tion test.  Average  and  maximum  velocities  for  model  (hydraulic  verifica- 
tion) and  prototype  are  presented  in  Table  8 for  sta  B-2,  C-2,  and  F-3; 
locations  of  these  stations  are  shown  in  Figure  1.  These  comparisons 
show  that  increasing  model  velocities  for  the  shoaling  tests  actually 
would  improve  prototype-to-model  hydraulic  agreement.  The  mean 
prototype-to-model  average  velocity  ratio  for  the  three  stations  was 

1.3  for  hydraulic  verification,  suggesting  that  the  increase  in  model 
velocities  actually  resulted  in  more  accurate  model  reproduction  of 
prototype  velocities  during  shoaling  verification.  Computation  of 
average  velocities  for  model  (shoaling  verification)  and  prototype  re- 
veals that  the  shoaling  verification  velocity  scale  ratios  were  about 
1:7  for  flood  velocities  and  1:9  for  ebb  velocities. 

96.  Using  the  relations  given  by  Table  1,  the  scale  ratio  for 
effective  roughness  size  should  be  1.25:1  for  the  Galveston  model. 

In  the  model,  where  there  were  few  bed  forms,  the  effective  roughness 
may  be  assumed  to  have  been  approximately  equal  to  a representative 
grain  size.  The  prototype  bed  almost  certainly  had  bed  forms,  result- 
ing in  a roughness  dimension  somewhat  greater  than  the  grain  size  so 

it  may  be  assumed  that  k was  less  than  the  d__  scale  ratio  which 
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varied  from  about  12:1  to  l8:l  through  the  inlet.  A reasonable  esti- 
mate for  the  actual  k would  be  about  5:1. 
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97.  The  5-ft,  7.7-sec  wave  used  in  the  verification  tests  appears 
to  have  been  a reasonable  choice.  It  was  somewhat  higher  and  longer  than 
a typical  wave  at  the  site  (Table  2,  Plates  1 and  2),  but  it  may  well 
have  been  close  to  a representative  size  for  significant  sediment 
transport.  Judging  from  the  offsJiore  wave  roses  and  a predominant 
littoral  transport  toward  the  south,  tlie  soutii-southeast  direction  of 
the  verification  wave  may  have  been  somewliat  too  far  to  tlie  south.  The 


primary  difficulty  with  using  a single  representative  wave  is  that  vari- 
ous water  depths  have  different  typical  wave  conditions  for  sediment 
transport  and  fluctuations  in  littoral  transport  will  not  be  reproduced. 

98.  The  verification  wave  direction  resulted  in  a refracted  wave 
that  reached  the  approach  and  outer  bar  channels  without  significant 
diffraction.  The  inner  bar  channel  experienced  a diffracted  wave;  how- 
ever, since  the  diffraction  time  scale  is  dependent  upon  the  horizontal 
scale  rather  than  the  vertical  scale,  the  model  wave  was  diffracted  as 
if  it  had  a period  of  about  17  sec  (prototype).  With  a T-T-sec  wave  the 
model  wave  height  experienced  in  the  region  of  the  inner  bar  channel 
would  therefore  be  somewhat  larger  than  that  in  the  prototype. 

99.  If  sediment  in  the  entrance  channel  is  characterized  as  hav- 
ing median  grain  sizes  of  O.O8  mm  and  0.12  mm  for  the  inner  bar  channel 
and  outer  bar  channel,  respectively,  and  if  it  is  assumed  that  no  signif 
icant  sorting  of  sediments  occurred  in  the  model,  then  the  sediment 
grain-size  ratio  was  about  l8;l  for  the  inner  bar  channel  and  12:1  for 
the  outer  bar  channel.  The  no-sorting  assumption  is  probably  a poor  one 
and  it  is  possible  that  sorting  lowered  both  these  ratios. 

100.  Using  a prototype  sediment  specific  gravity  of  2.65-2.67, 
the  model-to-prototype  scale  ratio  for  the  submerged  weight  of  the 
sediment  was  about  1:4.2.  This  ratio  and  the  sediment  size  ratio  given 
in  the  preceding  paragraph  are  compared  in  Table  9 with  the  values 
resulting  from  several  equations  presented  in  PART  I of  this  report. 
Equation  7 would  result  in  a reasonable  sediment  size  but  the  specific 
gravity  would  be  about  1:02,  which  might  be  impractical  because  of  the 
tendency  of  small,  light  particles  to  float.  Assuming  the  use  of  sand 
in  the  model  (y^  = l).  Equation  9 suggests  using  a rather  coarse  sand 
when  transport  rates  are  high.  In  contrast  to  Equation  7»  Equation  8 
results  in  a fine  model  sediment  grain  size  of  0.22  mm  and  specific 
gravity  of  about  1.4.  Such  a fine  sediment  might  also  tend  to  float. 
Although  Equations  7 and  8 result  in  strikingly  different  model  sedi- 
ments, both  would  have  moved  more  easily  than  the  crushed  coal  used  in 
the  Galveston  Harbor  entrance  model. 

101.  Values  of  A„  and  A„ 


can  be  computed  using  the  actual 
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scale  ratios  for  velocities  and  sediment  characteristics  given  in  the 
preceding  paragraphs.  For  tidal  currents,  the  average  value  of  A 


ranged  from  about  0.01  to  O.OU;  in  contrast,  A due  to  waves  was  about 

0.4  for  an  assumed  k = 5:1  . 
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The  obvious  effect  of  these  low  values 
would  be  to  require  an  exaggerated  time  scale  to  obtain  sediment  move- 
ment in  the  model  equivalent  to  that  of  the  prototype.  It  is  probable 
that: different  time  scales  would  be  required  in  the  inner  bar  channel, 
where  tidal  c\irrents  would  tend  to  dominate  the  sediment  transport;  the 
outer  bar  channel,  where  both  tidal  currents  and  waves  would  be  im- 
portant; and  outside  the  jetties,  where  waves  would  dominate. 

102.  Computation  of  a particle  Reynolds  number  scale  factor  for 
transport  by  waves  yields  a A value  of  about  12  for  the  model  condi- 


This  value  of  A,,  is  quite  high  for  a 


tions  and  assumed  k = 5 • 
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factor  that  would  ideally  be  equal  to  1.  However,  in  areas  of  vigorous 
wave  transport,  incipient  sediment  motion  and  thus  the  value  of  is 

of  considerably  lesser  importance  than  A . For  A_  due  to  tidal 
c\irrents  alone,  using  Equation  7 for  the  shear  velocity  ratio  and  the 
actual  average  velocity  scale  ratios  given  in  paragraph  95  and  Table  8 
yields  A^  values  in  the  range  of  3 to  6.  In  areas  where  tidal  cur- 


rents  dominated  the  transport  process. 


is  of  greater  importance 


than  where  waves  and  currents  combine,  since  near  times  of  slack  water 
incipient  motion  may  become  significant  to  the  overall  sediment  movement. 

Accuracy  of  Model  Measurements 

103.  Accuracy  of  model  soundings  is  highly  dependent  upon  the 
skill  of  the  person  making  the  sounding,  but  such  measurements  are  con- 
sidered to  usually  be  accurate  to  within  +^1  ft  (prototype),  which  is  the 
same  accuracy  that  has  been  assumed  for  the  prototype.  Dredged  volumes 
were  measured  to  the  nearest  0.01  cu  ft,  which  corresponds  to  about 
9000  cu  yd  prototype  volume.  Repeatability  of  model  average  dredged 
voliomes  was  assumed  to  be  no  closer  than  H^15  percent  based  upon  the  re- 
sults in  Table  7. 

lOU.  Current  velocity  and  tidal  elevation  measurement  accuracies 
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do  not  directly  affect  the  results  of  this  study,  but  their  accuracies 
were  ^0.2  fps  (prototype)  and  ^0.1  ft  (prototype),  respectively. 

105.  The  model  wave  period  and  height  described  here  are  approxi- 
mations based  upon  laboratory  notes.  Since  simulation  of  a specific 
wave  was  not  intended,  these  measurements  were  not  made  precisely; 
an  indication  of  their  approximate  magnitude  was  sufficient. 


PART  IV:  RESULTS 


106.  The  model  test  data  used  for  the  majority  of  the  analyses 
presented  in  this  report  are  from  the  construction  procedure  test  for 
the  plan  2 realigned  channel  that  was  constructed  in  the  prototype.  Un- 
less stated  otherwise,  that  test  is  the  source  of  the  model  data 
presented. 

107.  These  results  are  presented  in  two  basic  forms — computed 
sediment  volumes  and  bed  hydrographic  conditions.  In  the  first  four 
sections  of  PART  IV,  dredged  volimies  are  analyzed  by  examining  reported 
dredged  volumes,  volume  changes  computed  from  hydrographic  surveys, 
dredged  volumes  adjusted  for  dredging  vagaries,  and  computed  dredging 
requirements  based  upon  Galveston  District  guidelines.  The  next  fovu* 
sections  present  detailed  bed  conditions  and  bed  changes  in  the  naviga- 
tion channel  and  in  the  overall  inlet  bed.  The  last  section  in  PART  IV 
is  an  analysis  of  tropical  storm  effects  on  the  inlet. 

Reported  Dredged  Volumes 

108.  The  dredging  volumes  from  the  model  base  and  plan  2 tests 
conducted  without  the  construction  procedure  are  shown  in  Table  10. 

These  results  are  presented  for  the  inner  bar  channel,  the  outer  bar 
and  approach  channels  combined,  and  the  total  entrance  channel.  The 
data  show  the  primary  reasons  for  selection  of  the  plan  2 channel  for 
construction  in  the  prototype.  For  essentially  no  change  in  the 
annual  maintenance  dredging  requirements  after  the  first  2 years,  a 
safer  and  deeper  navigation  channel  is  maintained.  Also,  the  dredging 
distribution  is  shifted  farther  gulfward  with  the  plan  2 channel.  The 
data  show  the  plan  2 channel  had  high  shoaling  rates  for  the  first 

2 years  of  the  test,  after  which  the  dredging  averaged  only  812,000 
cu  yd,  approximately  the  same  as  that  for  the  base  test. 

Direct  comparison 

109-  The  dredging  volumes  that  were  reported  by  the  Galveston 
District  and  the  volumes  removed  from  the  model  navigation  channel 


dliring  the  first  6 years  after  completion  of  channel  realignment  are 
presented  in  Table  11.  In  this  table,  the  construction  procedure  was  in- 
corporated in  the  model  test  of  plan  2.  The  validity  of  a direct  compari- 
son of  model  and  prototype  dredging  volumes  can  be  questioned  due  to  ir- 
regularities in  prototype  dredging.  These  are  discussed  in  paragraph  127. 

110.  The  model  test  predicted  that  there  would  be  no  maintenance 
dredging  required  in  the  inner  bar  channel  with  an  average  of  300,000 
cu  yd  (30  percent)  and  711 >000  cu  yd  (70  percent)  of  dredging  annually 
for  the  outer  bar  and  approach  channels,  respectively.  This  total  annual 
dredging  requirement  of  1,011,000  cu  yd  predicted  by  the  model  test  com- 
pares poorly  with  the  2,098,000  cu  yd  prototype  average  annual  dredging 
experienced  in  fiscal  years  1969  through  1973.  No  prototype  dredging 
data  were  available  for  FY  197^  (the  sixth  year  after  construction)  due 
to  the  sinking  of  the  hopper  dredge  MaaKenzie.  The  prototype  distribu- 
tion of  dredging  was  32  percent  (671,000  cu  yd)  in  the  inner  bar  channel, 
l8  percent  (369,000  cu  yd)  in  the  outer  bar  channel,  and  50  percent 
(1,058,000)  in  the  approach  channel. 

111.  The  maximum  variation  in  the  total  annual  dredging  in  the 
model  was  from  a low  of  593,000  cu  yd  (Ul  percent  less  than  the  average) 
to  a high  of  1,700,000  cu  yd  (71  percent  greater  than  the  average).  The 
prototype  variation  in  the  annual  dredging  was  from  a low  of  1,258,000 
cu  yd  (Uo  percent  less  than  the  average)  to  a high  of  3,150,000  cu  yd 
(50  percent  greater  than  the  average).  These  variations  are  of  the  same 
degree;  however,  the  times  of  occurrence  of  the  extremes  are  not  the  same. 
The  model  test  indicated  a maximum  dredging  in  the  first  year  after  com- 
pletion of  construction,  while  the  prototype  dredging  the  first  year  was 
the  lowest  for  the  postconstruction  period. 

Indirect  comparison 

112.  The  model  data  from  Table  10  are  summarized  in  Table  12  and 
compared  with  the  prototype  data  from  Tables  6 and  11.  This  comparison 
is  presented  to  show  the  relative  changes  caused  by  the  channel  realign- 
ment in  model  and  prototyne.  Prior  to  channel  realignment  the  moael 
inner  bar  channel  required  31  percent  of  the  total  annual  dredging,  while 
the  prototype  inner  bar  channel  dredging  was  38  percent  of  the  total. 


For  the  realigned  channel  the  model  predicted  the  inner  bar  channel 
would  require  virtually  no  maintenance  dredging,  whereas  the  prototype 
inner  bar  dredging  was  32  percent  of  the  total. 

113.  The  relative  model  prediction  for  the  combined  outer  bar  and 
approach  channels  was  a 9^  percent  increase  in  dredging  requirements 
with  channel  realignment.  The  prototype  increase  in  dredging  was  also 
9^  percent  for  the  outer  bar  and  approach  channels. 

llU.  For  the  entrance  channel  as  a whole,  the  model  predicted 
an  increase  in  annual  maintenance  dredged  volume  of  44  percent  while 
the  prototype  channel  actually  experienced  a 77  percent  increase. 

1 

Hydrographic  Volume  Changes 

I'' 

Between  dredgings 

115.  The  hydrographic  volume  changes  in  the  channel  for  model  j 

and  prototype  that  occurred  during  the  periods  between  dredging  opera-  , 

1 tions  are  presented  in  Table  13.  The  volumes  of  scour  and  fill  are 

given  as  well  as  the  net  change  for  each  channel  section.  The  volumes  ; 

were  computed  from  the  areas  of  scour  and  fill  in  vertical  cross 

sections  at  400-ft  intervals  along  the  channel  center  line.  i 

116.  The  model  inner  bar  channel  scour  averaged  324,000  cu  yd  an- 
nually, while  the  prototype  scour  averaged  only  63,000  cu  yd.  Fill  in 
the  inner  bar  channel  between  dredgings  averaged  54,000  cu  yd  and 

1.068.000  cu  yd  annually  for  model  and  prototype,  respectively.  These 
average  scour-and-fill  volvimes  gave  average  net  changes  of  270,000  cu  yd 
of  scour  for  the  model  inner  bar  channel  and  1,005,000  cu  yd  of  fill  for 
the  prototype  inner  bar  channel  each  year  between  dredging. 

117.  The  outer  bar  channel  average  scour  between  dredgings  each 

year  was  112,000  cu  yd  in  the  model  and  45,000  cu  yd  in  the  prototype.  ^ 

The  average  amounts  of  shoaling  were  204,000  cu  yd  in  the  model  and 

489.000  cu  yd  in  the  prototype;  thus,  the  net  hydrographic  change  be- 
tween dredgings  in  the  outer  bar  channel  averaged  92,000  cu  yd  of  fill 
in  the  model  and  444,000  cu  yd  of  fill  in  the  prototype. 

118.  In  the  approach  channel  the  average  scour  volumes  for  model 
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and  prototype  were  23it,000  cu  yd  and  7^,000  cu  yd,  respectively,  each 
year  between  dredging  operations. • The  shoaling  during  the  periods  be- 
tween dredgings  averaged  308,000  cu  yd  in  the  model  and  l,6ll,000  cu  yd 
in  the  prototype  approach  channel.  These  volumes  of  scour  and  fill  gave 
an  average  net  change  in  the  approach  channel  of  7^,000  cu  yd  and 

1.537.000  cu  yd  of  fill  for  model  and  prototype,  respectively. 

119.  The  total  net  hydrographic  change  between  dredgings  averaged 
10it,000  cu  yd  of  scour  for  the  model,  with  a variation  from  a net  scour 
of  630,000  cu  yd  to  a net  fill  of  277,000  cu  yd.  This  net  scour  for  the 
entire  channel  is  due  to  the  large  volumes  of  scoior  experienced  in  the 
inner  bar  channel  that  dominate  the  figures.  The  prototype  average  net 
change  between  dredgings  was  2,986,000  cu  yd  of  fill,  varying  from 

1.095.000  to  it, 623, 000  cu  yd  of  fill. 

120.  The  model  averages  for  the  6 years  show  that  scour  volumes 
and  fill  volumes  are  of  the  same  order  of  magnitude  in  the  outer  bar  and 
approach  channels;  but  that  in  the  inner  bar  channel  the  scour  is  large 
and  the  fill  is  small,  resulting  in  a large  net  scour  in  the  inner  bar 
channel  and  a small  net  scour  in  the  entire  entrance  channel.  In  con- 
trast, throughout  the  entrance  channel  the  prototype  scour  is  small 
relative  to  the  amount  of  fill,  giving  a very  large  net  fill.  The  model 
average  annual  scour  is  3.7  times  greater  than  the  prototype  scour  and 
the  model  fill  averaged  about  one-sixth  that  of  the  prototype. 

During  dredging 

121.  The  hydrographic  volume  changes  in  the  channel  that  occurred 
during  model  and  prototype  dredging  operations  are  presented  in  Table  l!+. 
The  scour  (including  dredging),  fill,  and  net  change  are  presented  in 
the  table  for  each  channel  section.  Also  shown  are  the  overdepth  and 
underdepth  that  existed  in  model  and  prototype  at  the  end  of  the  dredg- 
ing operations.  For  this  report  overdepth  is  defined  as  that  volume  of 
material  representing  areas  of  depth  greater  than  project  depth.  It  is 

a condition  of  the  channel  relative  to  project  depth  and  does  not  neces- 
sarily correspond  to  overdredging  volumes.  It  may  be  thought  of  as  the 
shoaling  volume  required  to  bring  the  channel  up  to  project  depth. 
Underdepth  is  defined  as  that  volume  of  material  that  is  above  project 
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depth.  These  volumes  represent  channel  conditions  shown  by  after- 
dredging surveys. 

122.  The  average  values  show  that  the  magnitudes  of  the  changes 
occvirring  in  the  model  were  very  low  relative  to  the  prototype  changes. 
The  average  model  scour  (i*25,000  cu  yd)  was  only  l^i  percent  of  the 
prototype  average  scour  (3,138,000  cu  yd)  for  the  entire  channel.  The 
model  average  fill  (U0,000  cu  yd)  occurring  d\iring  dredging  was  only 
l8  percent  of  the  prototype  shoaling  during  dredging  (218,000  cu  yd). 

This  would  be  expected  for  the  shoaling  volumes  since  the  model  was 
not  operated  during  the  dredging  operation.  The  average  net  change  was 
low  for  the  model  (385,000  cu  yd  of  scour)  relative  to  the  prototype 
average  net  change  (2,920,000  cu  yd  of  scour),  reaffirming  that  model 
dredged  volumes  were  low. 

123.  The  overdepth  and  underdepth  volumes  for  the  navigation  chan- 
nel were  determined  from  the  after -dr edging  surveys.  These  volumes  are 
computed  based  on  a project  depth  of  h2  ft  for  the  inner  bar  channel 

and  UU  ft  for  the  outer  bar  and  approach  channels. 

124.  The  average  overdepth  for  the  entire  channel  after  dredging 
was  1,252,000  cu  yd  and  2,935,000  cu  yd  for  model  and  prototype, 
respectively.  For  both  model  and  prototype,  the  inner  bar  channel  was 
the  section  with  the  largest  average  overdepth,  958,000  cu  yd  and 

1.508.000  cu  yd,  respectively. 

125.  The  underdepth  for  the  entrance  channel  as  a whole  averaged 

1.212.000  cu  yd  in  the  model  and  989,000  cu  yd  in  the  prototype.  The 
largest  percentage  of  the  under depth  in  both  model  and  prototype  was 
in  the  approach  channel,  with  770,000  cu  yd  and  676,000  cu  yd, 
respectively. 

126.  It  is  interesting  that  the  model  average  overdepth 
(1,252,000  cu  yd)  and  underdepth  (1,212,000  cu  yd)  are  approximately  the 
same,  leaving  a net  deviation  from  project  depth  of  only  40,000  cu  yd 
overdepth.  In  contrast,  the  prototype  average  overdepth  (2,935,000 

cu  yd)  is  much  greater  than  the  average  underdepth  (989,000  cu  yd), 
resulting  in  an  average  net  overdepth  of  1,946,000  cu  yd,  which  is  of 
the  same  order  of  magnitude  as  the  average  annual  reported  dredg' ag 
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volume  (2,098,000  cu  yd).  This  shows  that  the  model  dredged  volumes 
are  a much  more  accurate  measure  of  required  model  dredging  volume 
than  the  reported  prototype  volumes  are  for  the  prototype  dredging 
requirement . 


Ad.^usted  Dredged  Volumes 

127.  The  inaccuracy  of  prototype  dredging  volumes  as  a measure 
of  the  dredging  requirement  to  maintain  project  depth  is  due  to  sev- 
eral variables  in  dredging  operations.  Variations  in  prototype  dredged 

volumes  can  arise  ^lie  to  inaccuracies  in  location  and  dredging  depth, 

/ 

dredge  availabilty,  maintenance  funding  levels,  weather  conditions,  and 
other  factors.  Overdredging  results  in  overdepth,  water  depths  greater 
than  project  depth;  while  underdredging  causes  underdepth,  depths  less 
than  project  depth.  Over  long  periods  of  time,  overdredging  and  under- 
dredging tend  to  average  out  in  the  absence  of  intentional  advance 
maintenance,  since  overdredging  one  year  can  reduce  required  dredging  in 
following  years  and  underdredging  will  eventually  have  to  be  dredged  to 
maintain  project  depths.  However,  to  avoid  contamination  of  short-term 
data  by  overdredging  and  underdredging,  some  means  of  adjusting  the  re- 
ported dredged  volumes  must  be  devised.  There  are  several  methods  and 
rationales  of  adjustment,  each  having  advantages  and  disadvantages.  The 
methods  presented  herein  offer  special  insights  into  the  problem  of  com- 
paring model  and  prototype  dredging  volumes. 

For  excess  underdepth 

128.  The  first  method  of  adjustment  simply  includes  the  volume  of 
material  in  the  navigation  channel  that  was  underdepth  this  year  in 
excess  of  the  underdepth  volume  of  the  previous  year's  dredging.  This 
excess  from  one  year  to  the  next  is  used  rather  than  the  total  under- 
depth to  avoid  inflation  of  the  dredging  volume  by  underdepth  that  re- 
mains in  the  channel  for  several  years  and  is  not  dredged.  The  adjust- 
ment is  made 


AD  = RD  + UD  - UD' 
u 
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where 


AD^  = dredged  volume  adjusted  for  excess  underdepth 
RD  = reported  dredging 
UD  = underdepth  this  year 

UD'  = underdepth  of  previous  year 

The  result  represents  actual  dredged  volume  plus  material  that  should 
have  been  dredged  but  was  not.  The  results  of  this  adjustment  to  both 
model  and  prototype  data  are  presented  in  Table  15. 

129.  After  adjusting  for  excess  underdepth,  the  previously  ob- 
served discrepancy  between  overall  model  and  prototype  dredging  volumes 
is  greater.  Adjusting  by  this  method  decreased  the  average  model  total 
dredging  requirements  to  888,000  cu  yd  and  increased  the  prototype  re- 
quirements to  2,2!+U,000  cu  yd  annually. 

130.  The  distribution  of  the  adjusted  volumes  over  the  entrance 
channel  sections  for  the  model  was  2 percent  in  the  inner  bar,  ^3  percent 
in  the  outer  bar,  and  55  percent  in  the  approach  channel.  The  prototype 
distribution  was  28  percent  in  the  inner  bar,  17  percent  in  the  outer 
bar,  and  55  percent  for  the  approach  channel.  The  percentages  were  the 
same  for  the  approach  channel,  but  once  again  the  inner  bar  channel  of 
the  model  showed  a lack  of  shoaling. 

For  excess  underdepth 
and  excess  over depth 

131.  This  method  adjusts  for  excess  vmderdepth  and  also  for  ex- 
cess overdepth.  If  the  channel  condition  at  the  end  of  the  dredging 
operation  has  the  same  net  volume  deviation  from  project  depth  as  for 
the  end  of  the  previous  year's  dredging,  then  the  volume  dredged  this 
year  would  be  the  net  amount  of  material  that  shoaled  within  the  channel 
during  the  year.  Adjustment  to  the  dredging  volume  to  reflect  this  is 

AD  = RD  + (UD-UD')  - (OD-OD')  (ll) 

uo 

where 

AD^^  = dredged  volume  adjusted  for  excess  underdepth  and  overdepth 
OD  = overdepth  this  year 
OD'  = overdepth  of  previous  year 


The  result  indicates  the  volume  that  should  have  been  dredged.  The  re- 
sults of  this  adjustment  to  model  and  prototype  data  are  also  shown  in 
Table  15.  Negative  numbers  indicate  a net  scour,  thus  implying  that  no 
dredging  would  have  been  required.  This  is  not  strictly  true,  however, 
since  the  depth  in  some  short  segment  of  the  channel  could  be  small 
enough  to  require  dredging  to  maintain  project  depth,  even  though  the  ad- 
justment calculation  for  the  entire  channel  section  indicates  a net  scour. 

132.  The  adjustment  for  excess  underdepth  and  excess  overdepth 
widens  the  gap  between  model  and  prototype  dredging  volumes  even  more. 

The  model  inner  bar  channel  still  shows  a net  scour  and  the  overall 
average  adjusted  dredging  volume  in  the  model  (496,000  cu  yd)  is  still 
grossly  low  relative  to  the  prototype  average  adjusted  dredging  volume 
(2,372,000  cu  yd).  Taking  the  years  where  the  adjustment  yielded  a net 
scour  in  a section  as  no  dredging  (not  a negative  contribution),  the 
model  inner  bar  channel  average  dredging  would  be  0,  the  outer  bar 
average  dredging  would  have  been  386,000  cu  yd,  and  the  approach  chan- 
nel results  would  not  be  affected.  Then  the  average  dredging  require- 
ment for  the  model  would  have  still  only  been  819,000  cu  yd.  The  pro- 
totype volumes  would  not  change  when  Ignoring  net  scour,  since  this  was 
never  the  case.  The  large  discrepancy  between  model  and  prototype  over- 
all dredging  is  still  evident,  and  the  relative  agreement  of  individual 
channel  sections  is  much  the  same  as  unadjusted  volumes. 

Dredging  Requirements 

133.  The  fact  that  the  prototype  average  net  deviation  from 
project  depth  after  dredging  is  overdepth  of  the  same  order  of  magni- 
tude as  the  average  annual  dredging  suggests  that  this  large  overdepth 
may  be  causing  larger  prototype  dredging  vo." 'Umes  than  might  be  experi- 
enced if  there  were  no  overdepth.  This  is  based  on  the  assumption  that 
a deep  channel  will  exhibit  greater  shoaling  on  an  annual  basis  than 

a shallower  channel.  To  investigate  this  possibility  the  before- 
dredging prototype  surveys  were  examined  to  determine  the  amoiint  of 
dredging  required. 
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13^.  The  before-dredging  prototype  surveys  were  examined  for 
areas  in  the  navigation  channel  where  the  depth  was  2 ft  or  more  shal- 
lower than  project  depth,  and  the  volume  of  dredging  that  would  result 
if  those  areas  were  dredged  to  2 ft  deeper  than  project  depth  was  cal- 
culated. For  these  areas  of  shallower  depths,  an  average  depth  was 
determined  and  the  increase  in  average  depth  required  to  attain  project 
depth  plus  2 ft  was  then  multiplied  by  the  shoaled  area  to  obtain  a 
dredging  volume  required.  This  calculation  resulted  in  the  volume  of 
required  dredging  that  would  have  resulted  if  the  Galveston  District 
guideline  for  determining  when  and  where  dredging  is  required  had  been 
followed.  However,  this  volume  does  not  include  the  material  which 
deposited  in  the  prototype  channel  dirring  the  dredging  operation.  This 
guideline  was  followed  in  performing  model  dredging.  These  calculations 
did  not  include  any  material  above  2 ft  below  project  depth  if  the  depth 
were  not  shallower  than  2 ft  above  project  depth. 

135.  The  prototype  volumes  determined  by  this  method  are  pre- 
sented in  Table  l6.  Also  shown  in  the  table  are  the  model  reported 
dredged  volimies.  These  results  show  that  the  prototype  dredging  re- 
quired is  indeed  a very  large  volume,  averaging  3,310,000  cu  yd  annually. 
The  inner  bar  channel  shows  an  average  requirement  of  ^<16,000  cu  yd, 
ll  percent  of  the  average  total  requirement.  The  outer  bar  channel  indi- 
cated an  average  requirement  of  3^3,000  cu  yd,  10  percent  of  total,  and 
the  approach  channel  averaged  2,521,000  cu  yd  required  dredging,  76  per- 
cent of  the  average  total  annual  requirement  for  the  entrance  channel. 
These  prototype  volumes  are  much  greater  than  the  model  predicted  vol- 
umes. For  the  entire  channel  the  prototype  volume,  3,310,000  cu  yd, 
was  3.3  times  the  model's  predicted  volume,  997,000  cu  yd.  This  deter- 
mination of  prototype  dredging  requirements  shows  that  the  large  volumes 
of  prototype  dredging  were  not  a direct  result  of  large  overdredging 
volumes . 

Channel  Conditions 


136.  The  condition  of  the  prototype  navigation  channel  prior  to 
initiation  of  realignment  construction  is  shown  in  Plate  1^*.  The 
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crosshatchod  area  represents  areas  shallower  than  project  depth.  There 
was  an  area  in  the  inner  bar  of  the  old  channel  (labeled  "existing  chan- 
nel" in  the  plates)  that  was  shallower  than  project  depth  covering  about 
20  percent  of  the  inner  bar  channel.  This  shoal  completely  crossed 
the  channel  between  ranges  U5  and  U6  close  to  the  inner  end  of  the  chan- 
nel. The  maxim\im  height  of  this  shoal  was  about  2 ft  above  the  old 
project  depth.  There  was  also  a shoal  crossing  the  prototype  channel 
at  the  inner  end  of  the  approach  channel,  approximately  between  ranges 
2k  and  27.  The  maximum  height  of  this  shoal  was  about  k ft  above  the 
old  project  depth.  The  remainder  of  the  prototype  channel  was  project 
depth  or  deeper.  The  model  old  navigation  channel  condition  at  the  start 
of  the  plan  2 test  (before  construction)  was  project  depth  and  the  model 
bed  outside  the  channel  limits  was  molded  to  I960  prototype  conditions. 
The  areas  above  project  depth  in  the  prototype  channel  were  offset  by 
areas  below  project  depth,  so  that  on  the  average  the  model  and  proto- 
type channels  were  in  approximately  the  same  condition  at  the  beginning 
of  construction  of  the  channel  realignment. 

137.  Plates  15-38  present  the  conditions  of  the  model  and  proto- 
type navigation  channels  at  the  end  of  the  construction  of  the  channel 
realignment  and  each  year  for  6 years  after  completion  of  construction. 
Each  plate  showing  the  model  condition  of  the  channel  at  a particular 
point  in  the  test  is  followed  by  the  plate  showing  the  prototype  chan- 
nel condition  for  the  analogous  point  in  time. 

138.  Table  17  lists  the  average  depths  for  before  and  after 
dredging  in  the  model  and  prototype  for  the  inner  bar,  outer  bar,  and 
approach  channels.  The  tabulated  values  are  referred  to  in  the  follow- 
ing discussion  of  Plates  15-38. 

139.  The  conditions  of  the  navigation  channel  for  model  and  proto- 

type at  the  end  of  construction  are  shown  in  Plates  15  and  16.  The  model 
inner  bar  channel  average  depth  was  k2.Q  ft  (project  depth).  The  proto- 
type inner  bar  channel  was  2 ft  or  more  deeper  than  project  depth  over 
its  entire  length  with  an  average  depth  of  ft.  The  outer  bar  chan- 

nel average  depths  at  the  end  of  construction  were  1+3.^  ft  and  k^.'J  ft, 
respectively,  for  model  and  prototype.  Both  model  and  prototype 
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showed  shallower  depths  on  the  south  side  of  the  outer  bar  channel.  The 
average  depths  for  model  and  prototype  approach  channels  were  ^43- 3 ft 
and  4i*,8  ft,  respectively.  Overall,  the  prototype  channel  at  the  end  of 
construction  was  approximately  2 ft  deeper  than  the  model  channel. 

Inner  bar  channel 

lUO.  The  inner  bar  channel  of  the  model  gradually  deepened 
throughout  the  test  with  the  small  scour  zone  at  the  west  end  of  the 
channel  progressively  scouring  eastward.  The  average  depth  of  the  inner 
bar  channel  gradually  deepened  from  k2.0  ft  at  the  end  of  construction 
to  45.6  ft  at  the  end  of  the  model  test,  6 years  after  the  completion 
of  construction.  The  inner  bar  channel  of  the  model  at  the  end  of  the 
test  was  2 ft  or  more  deeper  than  project  depth  over  most  of  its  length. 

141.  The  prototype  inner  bar  channel  shoaled  substantially  during 
the  first  year  after  completion  of  construction,  from  an  average  depth 
of  44.8  to  4l.l  ft.  The  shoaling  was  in  the  seaward  two  thirds  of  the 
inner  bar  channel  with  a scour  zone  at  the  inner  end,  just  as  in  the 
model.  The  average  depth  in  the  prototype  inner  bar  channel  remained 
fairly  stable  during  the  6 years  of  the  study  period,  being  maintained 
by  large  dredging  volumes.  In  most  of  the  before-dredging  conditions, 
there  was  a long,  narrow  shoal  on  the  south  side  of  the  seaward  half  of 
the  channel  section,  and  a similar  shoal  on  the  north  side  of  the  bay- 
ward  end  of  the  inner  bar  channel.  The  before-dredging  conditions  also 
showed  that  the  scour  zone  in  the  inner  end  of  the  channel  tended  to 
remain  along  the  south  side  in  the  inner  third  of  the  inner  bar  channel. 
The  after-dredging  conditions  showed  the  maintenance  dredging  to  be 
generally  successfiil  in  removing  the  long,  narrow  shoals  at  the  edges 

of  the  channel.  Also,  the  sco\ir  zone  after  dredging  generally  extended 
farther  seaward,  over  at  least  half  the  length  of  the  channel.  During 
the  sixth  year,  however,  there  was  a substantial  loss  of  depth,  and 
the  shoals  crossed  the  channel  and  elongated  to  partially  fill  the  scour 
hole  at  the  inner  end  of  the  channel. 

Outer  bar  channel 

142.  The  outer  bar  channel  in  the  model  test  had  a shoal  along 
the  entire  length  of  the  south  side  of  the  channel.  A zone  of 
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deeper-than- project  depths  appeared  in  the  middle  of  the  channel  section 
af+cr  2 years  and  gradually  grew  and  elongated.  By  the  end  of  the  sixth 
year,  the  zone  had  migrated  partially  into  the  inner  bar  channel.  The 
model  outer  bar  channel  was  fairly  stable  with  the  average  depth  varying 
little  from  43.^  ft  at  the  end  of  construction  to  hS.B  ft  at  the  end  of 
6 years  before  dredging. 

143.  During  the  study  period,  the  prototype  outer  bar  channel 
gradually  deteriorated  from  virtually  all  depths  greater  than  2 ft 
deeper  than  project  depth  (average  depth  of  16.7  ft)  at  the  end  of  con- 
struction to  a channel  with  a large  shoal  tapering  from  the  inner  bend 
of  the  channel  between  the  inner  and  outer  bar  channels , with  deeper 
depths  remaining  on  the  northern  side  of  the  channel.  At  the  end  of 
the  first  year,  before  dredging,  the  average  depth  in  the  prototype 
outer  bar  channel  was  11.7  ft.  The  average  depth  for  before-dredging 
conditions  stayed  approximately  the  same  for  the  remainder  of  the  study 
period.  The  prototype  outer  bar  channel  showed  a tendency  toward  deeper 
depths  on  the  north  side  at  the  inner  channel  bend,  then  crossed  the 
channel  to  deeper  depths  on  the  south  side  of  the  channel  at  the  outer 
channel  bend,  the  junction  with  the  approach  channel. 

Approach  channel 

ill.  The  model  approach  channel  consistently  shoaled  in  its  inner 
end  just  seaward  of  the  junction  with  the  outer  bar  channel.  This  shoal 
was  removed  by  the  first  year's  dredging,  but  returned  during  the  second 
year.  The  dredging  after  the  second  year  did  not  remove  the  shoal,  and 
it  continued  to  expand  through  the  fifth  year,  when  the  dredging  of  that 
year  partially  removed  it.  It  promptly  shoaled  again  during  the  sixth 
year. 

1I5.  Another  area  of  the  model  approach  channel  shoaled  com- 
pletely across  the  channel,  in  approximately  the  middle  of  the  approach 
channel,  range  I6  of  the  model  grid  system.  The  dredging  during  the 
first  two  model  years  essentially  removed  the  shoal,  but  it  was  not  com- 
pletely removed  for  the  remainder  of  the  model  test  and  obstructed  the 
entrance  channel. 

li*6.  A small  zone  of  scorn*  at  the  seaward  end  of  the  model 


approach  channel  expanded  gradually  throughout  the  six  test  years  but 
never  became  very  large. 

1U7.  The  prototype  approach  channel  had  a scour  zone  rather  than 
a shoal  at  the  west  end  of  the  section.  By  the  sixth  year,  however, 
this  scour  zone  had  essentially  disappeared.  Shoaling  occxirred  over 
the  entire  outer  75  percent  of  the  length  of  the  channel.  The  dredg- 
ing operations  of  the  first  year  diminished  the  shoal  somewhat,  but 
the  second  year  it  returned.  The  second  year's  dredging  operation 
almost  completely  removed  the  shoal.  The  shoaling  of  the  third  year 
was  confined  toward  the  inner  half  of  the  approach  channel  while  depths 
within  2 ft  of  project  depth  remained  in  the  outer  end.  The  dredging 
of  the  third  year  removed  part  of  the  shoal,  leaving  a long,  narrow 
shoal  on  the  north  side  of  the  channel.  The  fourth  year  the  shoal  ex- 
panded again  to  cover  most  of  the  outer  approach  channel  and  was  then 
partially  dredged  that  year.  The  fifth  year  there  was  not  a great  deal 
of  change  to  the  shoal  in  the  outer  approach  channel,  but  the  scour 
zone  at  the  inner  end  had  filled  considerably.  During  dredging  opera- 
tions of  the  fifth  year,  the  scour  hole  deepened  and  expanded  to  its 
previous  size  while  the  shoal  in  the  outer  end  of  the  channel  grew 
to  what  would  normally  appear  a before-dredging  condition.  Conse- 
quently, the  sixth  year  shoaling  once  again  filled  most  of  the  scour 
zone,  and  the  shoal  completely  covered  the  outer  75  percent  of  the 
approach  channel. 

1^48.  Discrepancies  between  the  model  and  prototype  channel 
conditions  are  not  striking.  In  the  junction  between  the  outer  bar 
and  approach  channels,  the  model  had  a shoal  and  the  prototype  had 
a sco\ir  zone.  The  model  showed  a scour  zone  in  the  outer  end  of  the 
approach  channel,  not  present  in  the  prototype;  and  the  prototype 
generally  exhibited  considerably  more  shoaling  throughout  the  approach 
channel.  In  the  prototype,  the  shoal  area  on  the  north  side  of  the 
inner  bar  and  the  scour  area  on  the  north  side  of  the  outer  bar 
were  considerably  larger  than  in  the  model.  At  other  than  these 
locations,  the  patterns  of  scour  and  fill  were  similar. 


55 


Channel  Scour  and  Fill 


1^9-  Based  on  the  hydrographic  soixndings,  scour  and  fill  in  the 
navigation  channel  for  model  and  prototype  were  determined  and  con- 
toured (Plates  39-6o).  These  contoxired  zones  of  scour  and  fill  show  the 
areas  where  the  greatest  changes  in  depth  occurred.  The  scour-and-fill 
areas  for  model  and  prototype  are  presented  for  the  periods  between 
dredging  operations  and  for  the  periods  during  dredging. 

150.  The  average  depth  changes  for  the  three  channel  sections 
in  model  and  prototype  are  presented  in  Table  18.  Negative  depth 
changes  are  increased  depth,  or  scour,  while  positive  depth  changes 
are  reduced  depth,  or  fill.  The  data  show  that  the  depth  changes  in 
the  prototype  are  larger  than  those  in  the  model.  Also,  the  model 
inner  bar  general  scoTir  is  demonstrated  by  increasing  average  depths. 
Between  dredgings 

151.  The  scour  and  fill  that  occurred  in  model  and  prototype 
navigation  channels  each  year  between  dredging  operations  for  the  first 
6 years  following  channel  realignment  are  shown  in  Plates  39-50.  These 
scour-and-fill  maps  represent  depth  changes  which  occurred  between 

one  year's  after-dredging  condition  survey  and  the  next  year's  before- 
dredging condition  survey.  The  model  plate  precedes  the  corresponding 
prototype  plate  for  each  year.  The  zones  of  scour  and  fill  are  broken 
at  3- ft  increments;  zones  where  neither  scour  nor  fill  exceeded  3 ft 
essentially  are  designated  as  no  change. 

152.  In  the  first  year,  the  model  shoaling  was  concentrated 
mainly  at  the  Jimction  of  the  outer  bar  and  approach  channels  while  the 
prototype  shoaling  was  mainly  in  the  inner  bar  channel  and  the  approach 
channel,  covering  much  larger  areas.  D\iring  the  second  year,  the  model 
again  shoaled  at  the  outer  channel  bend  as  did  the  prototype. 

153.  The  model  continued  to  shoal  at  the  Junction  of  the  outer 
bar  and  approach  channels  for  each  year  of  the  6 years  of  the  test. 

There  were  some  small  zones  where  the  scour  exceeded  3 ft  in  the  west 
end  of  the  inner  bar  channel  and  the  east  end  of  the  outer  bar  channel 
during  the  third  and  sixth  years  of  the  model  test.  All  of  the  zones 


of  scour  or  fill  greater  than  3 ft  of  change  were  over  small  areas  in 
the  model.  Similarly,  the  prototype  changes  each  year  were  primarily 
fill  with  infrequent  scattered  small  zones  of  scour. 

15^.  The  prototype  experienced  widespread  shoaling  diiring  the 
first,  third,  and  sixth  years  of  the  postconstruction  period.  During 
the  fourth  and  fifth  years  of  the  period,  the  prototype  zones  of  both 
scour  and  fill  in  excess  of  3 ft  were  small  and  scattered  over  the 
entire  entrance  channel. 

155-  The  model  changes  in  depth  between  dredging  operations  were 
generally  not  as  great  or  as  widespread  as  the  protot5rpe  changes.  The 
model  changes  in  excess  of  3 ft  were  primarily  in  the  outer  bar  channel, 
while  the  prototype  changes  were  over  much  larger  areas  and  occurred  in 
all  sections  of  the  entrance  channel. 

During  dredging 

156.  The  zones  of  scour  and  fill  in  excess  of  3 ft  occurring 
during  the  dredging  operations  in  model  and  prototype  are  shown  in 
Plates  5I-6O;  the  model  plate  precedes  the  corresponding  prototype  plate. 

157*  The  model  experienced  only  scour  during  the  dredging  opera- 
tions, as  would  be  expected  with  model  operation  stopped  during  removal 
of  shoaling  material.  The  model  zones  of  scour  in  excess  of  3 ft  were 
at  the  junction  of  the  outer  bar  and  approach  channels  for  every  year  of 
the  test  and  nowhere  else  in  the  model  channel.  This  was  the  case  be- 
cause the  model  dredging  operations  were  only  in  the  areas  where  dredging 
was  required,  and  the  Junction  referred  to  above  was  the  only  area  of  the 
model  channel  that  showed  substantial  shoaling  dviring  the  model  test 
(between  dredgings). 

158.  The  prototype  changes  in  depth  during  the  dredging  opera- 
tions were  much  more  widespread  than  in  the  model.  Just  as  the  changes 
between  dredgings  were  more  widespread.  The  amounts  of  scour  during  the 
first,  second,  and  fifth  dredging  years  of  the  period  were  substantially 
greater  than  during  the  third  and  fourth  years  of  dredging  operations. 
Shoaling  occurred  in  some  areas  during  the  prototype  dredging  period, 
but  they  were  not  very  large  except  in  the  approach  channel  for  the 
third  year  of  dredging. 
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159.  In  general,  the  large  prototype  dredging  volumes  resulted 
in  scour  in  excess  of  3 ft  over  a much  broader  area  of  the  entrance  chan- 
nel than  the  scour  resulting  from  the  small  amo\int  of  model  dredging. 


Bed  Conditions 


160.  A problem  encountered  at  the  time  of  model  verification  was 
the  limited  number  of  prototype  hydrographic  soundings  covering  a s\if- 
ficient  area  of  the  movable  bed.  Very  few  maps  were  available  that 
covered  a wide  enough  area  from  which  scour-and-fill  maps  could  be  de- 
veloped for  use  in  verification  of  the  movable  bed.  As  discussed  in 
paragraph  86,  the  surveys  of  1950  (Plate  10)  and  i960  (Plate  11 ) were 
used  to  develop  the  scour-and-fill  map  (Plate  12)  for  model  verification. 
After  the  initiation  of  the  model  study,  a prototype  survey  was  made  in 
1962  covering  a large  area  of  the  movable  bed,  shown  in  Plate  61.  The 
i960  and  1962  conditions  of  the  bed  are  quite  similar. 

Before  construction 

161.  The  condition  of  the  model  and  prototype  beds  prior  to 
initiation  of  channel  realignment  are  shown  in  Plates  62  and  63.  The 
model  was  molded  approximately  to  the  i960  prototype  bed  condition,  the 
data  used  for  initiation  of  all  model  tests.  The  actual  model  condition 
as  molded  was  sounded  prior  to  each  test.  The  prototype  condition  in 
Plate  63  was  the  196^+  bed  condition  just  prior  to  initiation  of  con- 
struction and  was  similar  to  the  1962  bed  condition. 

162.  The  general  similarity  of  the  bed  conditions  in  model  and 
prototype  is  evident.  Both  had  large  zones  of  shallow  depths  inside 
the  landward  ends  of  both  jetties.  The  contours  in  the  shallow  zone 
next  to  the  inner  end  of  the  north  jetty  roughly  parallel  the  original 
channel,  tapering  into  the  north  jetty.  The  large  spit  next  to  the 
inner  end  of  the  south  jetty  is  similar  in  both  model  and  prototype, 
having  the  same  basic  shape  and  location. 

163.  Just  seaward  of  the  outer  ends  of  the  jetties,  the  depths 
were  in  excess  of  36  ft  in  both  model  and  prototype.  At  the  tip  of  the 
north  jetty,  the  prototype  scour  hole  was  in  excess  of  ^*2  ft  below  mlw. 
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whereas  the  model  was  slightly  shallower.  In  both  model  and  prototype, 
the  36- ft  contour  crossed  just  offshore  of  the  tip  of  the  north  Jetty 
and  approached  the  navigation  channel  before  txirning  into  the  inlet  and 
tapering  toward  the  north  jetty.  The  prototype  depths  between  the 
36- ft  contovir  and  the  north  jetty  were  much  shallower  than  those  in  the 
model.  The  prototype  36- ft  contour  enclosed  a 2k-  and  a 30- ft  contour. 

I6I+.  Relatively  deep  depths  were  just  seaward  of  the  outer  end 
of  the  south  jetty  in  both  model  and  prototype.  However,  the  36- ft 
contour  trailed  into  the  inlet  in  the  model,  while  in  the  prototype  it 
ran  seaward  somewhat  before  turning  into  the  inlet  near  the  navigation 
channel. 

165.  There  was  a zone  of  relatively  deep  depths  along  the  middle 
of  the  north  jetty  in  both  model  and  prototype,  where  the  original  navi- 
gation channel  came  closest  to  the  jetty.  These  depths  threatened  to 
undermine  the  north  jetty  in  the  prototype,  as  described  previously. 

The  prototype  depths  along  the  jetty  slightly  exceeded  36  ft,  while  the 
model  was  about  to  6 ft  shallower  in  that  area.  A zone  of  water 
deeper  than  36  ft  extended  throughout  the  original  navigation  channel 

in  both  model  and  prototype.  Throughout  approximately  the  seaward 
3 miles  inside  the  jetties,  the  widths  between  36- ft  contours  averaged 
about  2100  and  165O  ft  in  model  and  prototype,  respectively. 

166.  Between  the  inner  bar  channel  and  the  large  spit  adjacent 
to  the  south  jetty,  the  model  depths  were  slightly  deeper  (2  to  8 ft) 
than  the  prototype  depths. 

167.  There  is  evidence  of  a submerged  ebb  flow  spit  trailing 
seaward  from  the  spit  next  to  the  south  jetty  in  both  model  and 
prototype.  This  submerged  spit  was  approximately  parallel  to  the 
alignment  of  the  proposed  channel.  The  spit  is  noticeable  in  the 
model  24-  and  30- ft  contours,  while  it  is  very  much  evident  in  the 
prototype  6-,  12- , I8-,  24-,  and  30- ft  contours.  Between  the  ebb  flow 
spit  and  the  south  jetty,  a secondary  channel  was  present  in  both  model 
and  prototype,  apparently  predominantly  for  flood  currents. 

168.  At  the  inner  end  of  the  jetties,  just  north  of  the  large 
spit  at  the  inner  end  of  the  south  jetty,  another  secondary  channel 
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existed  in  both  model  and  prototype.  In  the  model,  the  portion  of  this 
channel  deeper  than  36  ft  covered  a larger  area  than  the  analogous  pro- 
totype zone. 

169.  There  were  some  discrepancies  between  the  details  of  the  con- 
ditions in  model  and  prototype  prior  to  construction,  but  the  general 
conditions  were  the  same.  The  zones  of  deep  and  shallow  depths  were 
located  approximately  the  same  and  were  of  the  same  general  dimensions. 
The  agreement  is  considered  to  be  good. 

After  construction 

170.  The  conditions  of  the  model  and  prototype  beds  for  several 
years  after  the  completion  of  construction  of  the  realigned  navigation 
channel  are  presented  in  Plates  6U-69.  Plates  64  and  65  show  the  con- 
ditions of  model  and  prototype  2 years  after  construction  was  completed. 
The  model  and  prototype  conditions  5 years  after  the  completion  of  con- 
struction are  shown  in  Plates  66  and  67,  respectively.  Plate  68  shows 
the  model  bed  condition  6 years  after  construction  and  Plate  69  shows 
the  prototype  bed  6-1/2  years  after  channel  realignment. 

171.  During  the  period  of  this  study,  the  prototype  spit  inside 
the  south  jetty  changed  substantially  while  the  model  spit  at  that  loca- 
tion experienced  only  minor  change.  Comparison  of  Plates  63  and  69 
shows  that  the  prototype  spit  grew  considerably  along  the  length  of  the 
south  jetty  (both  seaward  and  bayward)  and  changed  shape. 

172.  The  model  spit  inside  the  south  jetty,  in  contrast,  main- 
tained approximately  the  same  shape  throughout  the  test  but  enlarged 
slightly  in  size.  Comparison  of  Plates  62  and  68  shows  that  the  model 
spit  maintained  the  same  general  shape  but  widened  into  the  inlet,  with 
the  position  of  the  maximum  width  of  the  spit,  to  the  -6  ft  contour, 
remaining  in  the  same  location.  The  main  body  of  the  model  spit  did 
not  expand  seaward,  but  material  deposited  adjacent  to  the  south  jetty, 
lengthening  the  thin  seaward  extension  of  the  spit  inside  the  jetty. 

173.  At  the  end  of  2 years  after  the  completion  of  the  realign- 
ment, the  deepwater  zones  at  the  inner  end  of  the  navigation  channel 
were  on  somewhat  different  alignments  in  model  and  prototype.  Based 
on  the  -30  ft  contour  south  of  the  new  navigation  channel  and  the 


-36  ft  contoxir  north  of  the  previous  navigation  channel,  it  can  be  seen 
that  the  model  deepwater  zone  was  almost  exactly  aligned  with  the  inner 
bar  portion  of  the  new  navigation  channel.  The  prototype  deepwater  zone 
alignment  was  rotated  slightly  counterclockwise  with  respect  to  the 
navigation  channel.  In  subsequent  years,  the  prototype  zone  of  deep 
water  tended  to  lie  on  a better  alignment  with  the  navigation  channel, 
as  was  the  case  in  the  model.  However,  due  to  prototype  maintenance  of 
the  anchorage  basin  north  of  the  realigned  channel,  the  prototype  had  a 
much  greater  width  between  the  -36  ft  contours  around  the  navigation 
channel,  as  is  particularly  evident  in  Plates  67  and  69. 

I7U.  The  ebb  flow  spit  trailing  from  the  spit  adjacent  to  the 
south  jetty  (as  shown  by  the  -I8  ft  contour)  was  much  better  defined  in 
the  model  2 years  after  construction  (Plate  6h)  than  before  construction 
(Plate  62).  Thus  this  feature  became  progressively  less  pronounced  in 
the  model  (Plates  66  and  68)  as  the  -I8  ft  contour  rotated  clockwise. 

By  moving  closer  to  the  south  jetty,  the  spit  encroached  on  the  second- 
ary channel,  which  had  narrowed  considerably  by  the  end  of  the  test. 

175.  The  prototype  submerged  ebb  flow  spit  remained  in  the  same 
location  and  alignment,  parallel  to  the  inner  bar  channel.  The  sub- 
merged spit  is  evident  in  the  -12,  -I8,  -2k,  and  -30  ft  contours  at 

2 and  5 years  after  construction  (Plates  65  and  6T),  but  only  in  the 
-I8,  -2h,  and  -30  ft  contours  at  6-1/2  years  after  construction 
(Plate  69).  The  prototype  secondary  channel  between  the  spit  and  the 
south  jetty  was  present  throughout  the  co\irse  of  the  study  period. 

176.  The  slope  of  the  model  bed  from  the  northernmost  tip  of  the 
shoal  adjacent  to  the  south  jetty  down  into  the  deepwater  zone  in  the 
inner  bar  channel  (at  about  range  37  or  38)  was  much  steeper  than  the 
corresponding  slope  in  the  prototype.  This  steep  model  slope  was 
apparently  caused  by  the  expansion  of  the  shoal  toward  the  deepwater 
zone  in  conjunction  with  the  shifting  of  the  deepwater  zone  to  the  south. 

ITT.  The  old  channel  in  the  model  tended  to  stay  deep,  while  the 
prototype  old  channel  shoaled  fairly  rapidly.  Plate  68  shows  that  after 
6 years  the  model  still  had  a zone  in  the  old  channel  at  about  range  ko 
with  depths  in  excess  of  k2  ft.  After  6-1/2  years,  the  prototype  old 
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channel  was  obscured  by  the  maintenance  of  the  anchorage  basin  and  shoal 
ing  in  the  old  channel  (Plate  69). 

178.  The  model  scour  hole  near  the  end  of  the  south  jetty 
(Plates  6U,  66,  and  68)  tended  to  be  slightly  inside  the  enc.  of  the 
jetty,  whereas  the  prototype  scour  hole  was  slightly  outside  the  end  of 
the  jetty  (plates  65  and  6T). 

179.  At  the  beginning  of  the  study  period,  prior  to  construction 
the  prototype  -36  ft  contoxir  between  the  navigation  channel  and  the  tip 
of  the  south  jetty  was  convex  seaward.  In  the  model,  the  -36  ft  contour 
in  that  area  was  concave  seaward  before  construction  and  remained  so 
throughout  the  test.  During  the  period  of  the  study,  the  prototype 
contour  retreated  landward  and  also  became  concave  seaward,  as  in  the 
model.  The  area  appears  to  have  scoured  to  reflect  the  presence  of  the 
secondary  channel  adjacent  to  the  south  jetty. 

Bed  Scoiu-  and  Fill 


180.  The  hydrographic  changes  occurring  in  the  model  from  the 
beginning  of  the  chan.-el  realignment  test  to  2 years  after  the  comple- 
tion of  construction,  a 1-year  period,  are  shown  in  Plate  70.  The  cor- 
responding prototype  changes  from  initiation  of  construction  to  2 years 
after  its  completion,  a 1-1/2-year  period,  are  shown  in  Plate  71. 

181.  Generally,  the  agreement  between  the  model  and  prototype 
zones  of  scour  and  fill  is  good.  Both  model  and  prototype  had  scour 
zones  along  the  new  inner  bar  channel,  as  was  observed  during  the  veri- 
fication periods  in  that  area.  In  the  model,  the  zone  of  heaviest 
scour  was  immediately  adjacent  to  the  navigation  channel,  while  the  pro- 
totype zone  of  heaviest  scour  was  roughly  midway  between  the  navigation 
channel  and  the  south  jetty. 

182.  There  were  two  zones  of  fill  in  both  model  and  prototype 
along  the  south  jetty.  These  model  shoals  were  much  heavier  than  the 
prototype  shoals.  As  in  the  verification  test,  the  model  slioals  in  this 
area  were  several  hundred  feet  (prototype)  north  of  the  south  jetty, 
while  the  prototype  shoals  were  immediately  adjacent  to  the  jetty.  The 
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prototype  showed  a shoal  just  south  of  the  outer  bar  channel  in  an  area 
where  the  model  showed  scour. 

183.  The  prototype  showed  a large  zone  of  scour  between  the  orig- 
inal and  realigned  channels.  This  scour  is  primarily  due  to  the  con- 
struction and  maintenance  of  the  anchorage  basin  in  that  area.  The 
model  showed  shoaling  in  that  area,  not  having  had  any  anchorage  basin 
included  in  the  construction  sequence  test. 

184.  There  was  a zone  of  hea-vy  scour  just  south  of  the  outer  bar 
channel  in  both  model  and  prototype.  The  prototype  zone  was  more  toward 
the  outer  end,  while  the  model  zone  was  more  toward  the  inner  end  of  the 
outer  bar  channel. 

185.  Between  the  old  channel  and  the  north  jetty  there  was 
generally  shoaling  in  both  model  and  prototype.  The  prototype  shoaling 
was  very  heavy  in  the  old  channel  itself  and  virtually  everywhere  along 
the  north  jetty.  The  model  shoaled  over  most  of  the  old  channel  and 
along  the  north  jetty,  but  the  model  also  had  a zone  of  scour  between 
the  old  channel  and  the  north  jetty  at  the  main  bend  in  the  old  channel 
(ranges  38-42).  The  extensive  prototype  shoaling  over  this  area 
probably  was  accelerated  by  the  maintenance  of  the  anchorage  basin.  The 
area  used  for  disposal  of  dredged  material  during  construction  of  the 
new  channel  showed  heavy  shoaling  in  both  model  and  prototype. 

186.  The  agreement  between  the  model  and  prototype  hydrographic 
changes  from  the  beginning  of  construction  to  2 years  after  its  comple- 
tion is  generally  good.  The  model  shoaling  tended  to  be  fairly  well 
balanced  over  the  areas  where  it  did  shoal,  while  the  prototype  shoaling 
along  the  north  jetty  was  much  heavier  than  the  shoaling  south  of  the 
navigation  channel. 

187.  The  changes  that  occurred  in  the  model  and  prototype  bed 
from  2 to  6 years  after  the  completion  of  channel  realignment  are  pre- 
sented in  Plates  72  and  73,  respectively.  The  agreement  during  these 
4 years  is  not  as  good  as  during  the  first  half  of  the  study  period. 

188.  North  of  the  new  channel,  the  model  had  a large  shoal 
adjacent  to  the  middle  of  the  north  jetty  and  in  the  old  channel  where 
it  ran  closest  to  the  north  jetty.  About  5000  ft  seaward  of  this 
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location  (in  the  disposal  area)  there  was  a region  of  minor  to  moderate 
scour.  This  could  indicate  a net  upstream  movement  of  material  from 
the  disposal  area,  although  there  was  also  an  area  of  substantial  shoal- 
ing seaward  of  the  disposal  area  at  the  outer  end  of  the  north  jetty. 
Landward  from  that  area  the  model  had  minor  scour  in  the  old  channel  with 
shoaling  both  north  and  south  of  the  old  channel.  At  the  extreme  inner 
end  of  the  old  channel,  just  north  of  the  junction  of  the  old  and  new 
channels,  there  was  another  large  shoal  in  the  model. 

189.  The  prototype  generally  scoured  north  of  the  realigned  chan- 
nel. North  of  the  old  channel  where  it  ran  closest  to  the  north  jetty 
the  prototype  had  a very  heavy  amount  of  fill,  in  the  same  area  where 
the  model  had  heavy  fill.  This  also  indicates  a possible  net  upstream 
movement  of  sediment  from  the  disposal  area.  In  the  old  channel  at  the 
innermost  two  bends , the  prototype  shoaled  over  a fairly  large  area  that 
extended  to  the  north  jetty.  Between  the  old  and  new  inner  bar  channels 
the  prototype  experienced  minor  scour.  Throughout  the  outer  2 miles  of 
the  jettied  entrance,  the  prototype  experienced  heavy  scour,  both  north 
and  south  of  the  realigned  channel. 

190.  Both  model  and  prototype  had  zones  of  scour  around  the  new 
inner  bar  channel  alignment.  The  model  zone  of  heaviest  scour  was  again 
along  the  alignment  of  the  channel,  while  the  prototype  heaviest  scour 
was  about  1000  ft  south  of  the  channel. 

191.  Between  the  realigned  channel  and  the  south  jetty  the  pro- 
totype underwent  general  sco\rr  with  several  small  shoal  areas.  The 
model  in  that  area  experienced  two  fairly  large  zones  of  fill  in  addi- 
tion to  extensive  areas  of  scour.  The  largest  model  shoal  extended  from 
about  the  outer  3000  ft  of  the  south  jetty  across  the  entrance  to  the 
outer  end  of  the  north  jetty.  The  model  also  had  a heavy  fill  area 
adjacent  to  the  spit  at  the  inner  end  of  the  south  jetty,  probably  fed 
from  the  spit  by  ebb  currents. 

192.  The  greatest  difference  in  the  changes  observed  in  the  model 
and  prototype  during  the  last  years  of  the  study  period  was  at  the 
outer  end  of  the  jettied  entrance.  The  prototype  scoured  over  almost 
the  entire  cross  section  while  the  model  shoaled  across  the  ends  of  the 
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Jetties.  With  the  exception  of  the  ends  of  the  Jetties,  the  agreement 
was  fair. 

Storm  Effects 

193.  Due  to  the  large  hydrographic  changes  that  can  occxir  during 
a hurricane  or  tropical  storm  (paragraph  5^,  Plate  6),  it  is  of  interest 
to  consider  the  effect  a storm  may  have  in  the  determination  of  proto- 
type long-term  scour  and  fill.  Additional  prototype  scour-and-fill  maps 
were  generated  to  illustrate  the  difficulty  of  determining  the  long- 
range  trends  of  the  inlet.  Plate  7^  shows  the  scour  and  fill  that  oc- 
curred between  I96O  and  19^2,  the  2 years  after  the  period  used  for  model 
verification.  Plate  6,  discussed  previously,  shows  the  hydrographic 
changes  that  occ;irred  during  the  passage  of  Hurricane  Carla  in  Septem- 
ber 1961  (Hurricane  track  No.  Ul  in  Plate  h) . The  changes  shown  in 
Plate  6 were  determined  from  the  closest  surveys  before  and  after  the 
passage  of  the  storm  (l4  June  I961  and  28  October  I961). 

19^.  The  correlation  between  the  changes  occurring  during  the 
passage  of  Hurricane  Carla  and  the  changes  over  the  longer  period  of 
i960  to  1962  is  evident.  The  scour  zones  at  the  base  of  the  south 
Jetty,  Just  inland  from  the  spit,  are  in  the  same  general  location  and 
of  the  same  magnitude.  Both  maps  show  a general  scour  through  the 
center  of  the  inlet  and  show  shoaling  at  the  inner  end  of  the  north  Jetty 
Just  north  of  the  old  navigation  channel;  there  is  also  shoaling  along 
the  outer  end  of  the  north  jetty  (although  much  more  pronounced  in 
Plate  6)  with  a scour  zone  at  the  very  tip  of  the  jetty.  Two  main 
shoaling  areas  exist  between  the  proposed  realigned  navigation  channel 
location  and  the  south  jetty — one  is  Just  north  of  the  spit  at  the  inner 
end  of  the  south  Jetty  and  the  other  is  Just  inside  the  outer  end  of 
the  south  Jetty.  Comparison  of  Plates  6 and  7^  shows  that  the  passage 
of  a hurricane  or  tropical  storm  in  the  Gulf  of  Mexico  may  cause  per- 
sistent changes  in  the  bed  of  Galveston  Harbor  entrance. 

195.  Tn  order  to  illustrate  the  sensitivity  of  the  prototype 
scour-and-fill  patterns  to  the  surveys  chosen  for  workup,  a 


scour-and-fill  map  was  made  for  the  period  1950  to  1962  (Plate  75). 

This  map  can  he  compared  with  the  1950  to  I960  scour-and-fill  map 
(Plate  12),  used  for  original  model  verification,  and  the  I960  to  1962 
map  (Plate  7^).  No  change  in  the  general  location  of  the  zones  of  scour 
and  fill  is  observed  in  the  1950-1962  map  as  compared  with  the  1950  to 
i960  scour-and-fill  map.  There  is,  of  course,  some  change  in  the  spe- 
cific locations  and  sizes  of  the  scour-and-fill  zones.  The  1950  to  1962 
map  shows  scour  at  the  outer  end  of  the  south  jetty,  while  the  verifica- 
tion map  shows  fill.  There  is  an  area  of  fill  at  the  outer  end  of  the 
north  jetty  in  both  maps,  but  the  area  is  greatly  reduced  and  the  shoal- 
ing zone  is  surrounded  by  a larger  zone  of  scour  in  the  1950  to  1962 
map.  The  general  area  outside  the  jetties  for  the  1950  to  I962  map  indi- 
cates general  scour  with  some  shoaling  north  of  the  navigation  channel 
far  offshore,  whereas  the  verification  prototype  scour-and-fill  map  indi- 
cates general  fill  offshore. 

196.  Just  north  of  the  innermost  channel  bend  in  the  original 
navigation  channel,  the  1950  to  1962  scour-and-fill  map  indicated  a 
zone  of  heavy  fill.  In  the  1950  to  i960  map,  the  zone  of  heaviest 
shoaling  in  that  area  was  just  south  of  the  channel  near  the  bend.  The 
zone  of  severe  scour  between  the  old  navigation  channel  and  the  south 
jetty  extends  farther  upstream  in  the  1950  to  I962  map  than  in  the  1950 
to  i960  map.  Also,  in  the  area  where  the  navigation  channel  passed 
closest  to  the  north  jetty,  the  scour  zone  just  south  of  the  channel  is 
larger  in  the  1950  to  1962  map. 

197.  The  scour-and-fill  maps  of  1950  to  i960  and  1950  to  I962 
show  the  same  general  characteristics  of  scour  and  fill  in  most  areas 
of  the  bed,  but  the  scour  zone  in  the  area  of  the  relocated  inner  bar 
channel  of  the  1950  to  1962  map  shows  better  agreement  with  the  model 
verification  (Plate  13)  than  does  the  1950  to  I960  map.  The  i960  to 
1962  map  (Plate  7^)  demonstrates  some  of  the  same  general  scour-and-fill 
patterns  exhibited  by  the  1950  to  I96O  and  1950  to  1962  maps,  but  in 
the  area  between  the  realigned  navigation  channel  and  the  south  jetty 
there  was  considerably  less  scour  and  considerably  more  shoaling  in 

i960  to  1962. 
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198.  The  effects  of  storms  can  also  he  evident  in  prototype 
dredging  volumes.  During  the  period  between  1950  and  1955*  three  storms 
(storms  3,  5,  and  15  in  Plate  3)  passed  close  enough  to  Galveston  to  have 
generated  waves  with  sufficient  energy  to  alter  the  bathymetry  at  the 
inlet.  Two  of  these  storms  were  prior  to  FY  1950  dredging  which  was  the 
largest  dredging  volume  of  the  1950' s,  with  2,222,000  cu  yd  that  year 
(Table  i*).  The  other  storm  passed  in  July  195^,  but  the  dredging  for 

FY  1955  was  about  average  with  1,106,000  cu  yd  of  dredging.  Dirring  the 
period  1956  to  1961,  a large  number  of  storms  passed  the  Galveston  area. 
The  storms  passing  closest  to  the  inlet  were  Audrey  and  Bertha  in  1957, 
Debra  in  1959,  and  Carla  in  196I  (storms  27,  28,  35,  and  4l,  respectively, 
in  Plate  U).  Audrey  and  Bertha  passed  very  close  to  the  Galveston  area 
but  in  a direction  that  would  have  produced  strong  offshore  winds  as  the 
storm  approached  land,  which  could  have  caused  large  ebb  velocities 
through  the  inlet,  causing  scour.  The  subsequent  FY  1958  dredging  volume 
was  very  low,  515,000  cu  yd,  reflecting  this  possibility.  In  1959,  Hurri- 
cane Debra  passed  directly  over  the  Galveston  area,  and  the  FY  i960  dredg- 
ing volume  was  1,677,000  cu  yd.  Hurricane  Carla  passed  in  1961,  and  the 
dredging  volvune  for  FY  1962  was  2, 1^8, 000  cu  yd.  Dreoging  after  Hurri- 
canes Debra  and  Carla  was  considerably  more  than  the  preenlargement 
average  of  l,2i+0,000  cu  yd.  In  1958,  Hurricane  Ella  (storm  32  in 
Plate  ) passed  by  somewhat  farther  from  Galveston  Bay  and  apparently 
did  not  significantly  influence  the  dredging  rate  (1,053,000  cu  yd). 

199.  During  the  postconstruction  period,  I967  ^o  197^,  two  trop- 
ical storms  and  two  hurricanes  passed  the  area  (storms  65,  66,  67,  and 
70  in  Plate  5)-  In  1970,  tropical  storm  Felice  passed  very  close  to  the 
area  but  the  FY  1971  dredging  was  normal  for  the  postconstruction  period, 
1,910,000  cu  yd.  In  1971,  two  hurricanes.  Fern  and  Edith,  passed  the 
area,  and  the  FY  1972  dredging  volume  was  a record  3,150,000  cu  yd.  In 
1973,  tropical  storm  Delia  came  ashore  ,)ust  west  of  Galveston,  but  there 
was  no  accurate  dredging  volume  reported  for  the  year  due  to  the  sinking 
of  the  dredge  MaoKenzie , However,  the  channel  condition  prior  to  the 
dredging  operation  (Plate  38)  showed  that  the  channel  required  a great 
deal  of  dredging.  In  1970,  Hurricane  Celia  (storm  63  in  Plate  5)  passed 
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somewhat  farther  from  the  inlet  area  without  any  adverse  effects  on  the 
dredging  requirements  for  FY  1971  (1,910,000  cu  yd). 

200.  The  model  study  included  a test  that  simulated  a storm  by 
placing  3,000,000  cu  yd  of  material  inside  the  base  of  the  south  jetty. 
This  was  one  possible  result  of  a storm;  however,  the  effects  of  a storm 
could  vary  to  also  have  a large  voliune  of  material  deposited  inside  the 
north  jetty,  or  perhaps  at  the  tips  of  the  jetties.  Results  from  the 
model  storm  simulation  did  not  show  a large  effect  on  average  channel 
shoaling  volumes. 

201.  The  passage  of  hurricanes  and  tropical  storms  has  a signif- 
icant effect  on  the  changes  in  the  general  prototype  bed  and  on  the 
dredging  requirements.  Each  storm  that  passes  has  a different  effect  on 
the  area.  Some  will  cause  shoaling  while  others  may  cause  scour  in  the 
inlet.  This  makes  model  verification  and  postconstruction  verification 
difficult,  because  the  precise  effects  of  the  storms  were  not  present 

in  the  model  testing. 

202.  The  number  and  frequency  of  tropical  storms  in  the  Gulf  of 
Mexico  and  in  the  northwest  corner  of  the  gulf  have  been  summarized  in 
Table  19  for  the  periods  of  interest.  The  periods  used  for  bed  scour 
and  fill  for  original  and  postconstruction  verification  had  the  same 
average  number  of  h\irricanes  in  the  entire  gulf  each  year  (l.T),  but 
the  original  verification  period  averaged  approximately  one  more  tropi- 
cal storm  each  year  than  during  the  postconstruction  period  (1.9  and 
0.8,  respectively).  The  average  niimber  of  hurricanes  in  the  northwest 
corner  of  the  gulf  each  year  was  approximately  the  same  (0.5  for  the 
original  verification  period  and  0.6  for  the  postconstruction  period). 
Tropical  storms  were  twice  as  frequent  in  the  northwest  corner  of  the 
gulf  in  the  preconstruction  period  over  the  postconstruction  period 
(0.6  and  0.3  storms  each  year,  respectively). 

203.  T'TIe'"per iod  of  data  used  for  original  verification  of  channel 
dredging  requirements  (l95T-196l)  averaged  l.)4  hurricanes  and  2.0  trop- 
ical storms  each  year  in  the  entire  Gulf  of  Mexico.  That  was  consider- 
ably different  than  the  postconstruction  period  of  dredging  data  (1968- 
1973)  frequency  of  1.7  hurricanes  and  0.8  tropical  storms  each  year.  In 


the  northwest  corner  of  the  gulf,  the  frequency  of  hurricanes  was  similar 
(0.6  and  O.5  for  pre-  and  postconstruction  periods)  and  the  frequency  of 
tropical  storms  was  once  again  twice  as  great  in  the  preconstruction 
period  (l.O  and  0.5,  respectively). 
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PART  V:  DISCUSSION 

20k.  Postconstruction  verification  of  a movable-bed  coastal  model 
is  a perplexing  undertaking  and  the  Galveston  Harbor  entrance  model  is 
not  an  exception.  If  the  complexity  of  the  phenomena  involved  makes 
modeling  difficult,  then  evaluating  how  well  the  phenomena  are  modeled 
becomes  an  almost  insurmountable  task.  The  foremost  problem  lies  in 
determining  the  effects  of  substituting  a simplified  set  of  model  bound- 
ary conditions  for  the  complex,  changing,  and  poorly  defined  boundary 
conditions  of  the  prototype.  In  addition,  the  boundary  conditions  of 
the  prototype  may  have  been  significantly  different  between  the  pre- 
construction and  postconstruction  periods.  Since  the  bed  condition 
changes  for  one  hurricane  ( Carla)  were  almost  as  great  as  those  for  the 
verification  period,  the  problem  of  nonmatching  boundary  conditions  is 
obviously  formidable. 

205.  Under  circumstances  such  as  these,  where  boundary  conditions 
strongly  affect  the  analysis,  the  best  approach  is  to  use  a period  of 
prototype  data  that  is  long  enough  to  average  out  short-term  discrepan- 
cies and  detailed  enough  to  exclude  singular  events  such  as  Hurricane 
Carla.  For  Galveston  Harbor  entrance,  both  preconstruction  and  post- 
construction prototype  data  periods  were  long  enough  to  average  tidal 
conditions,  most  aspects  of  wave  climate,  and  typical  local  storms 
(northers),  but  not  long  enough  to  provide  for  an  "average"  hurricane 
effect. 

206.  To  complicate  matters  more,  differences  between  the  plan 
tested  in  the  model  and  the  plan  constructed  in  the  prototype  must  be 
contended  with.  The  prototype  construction  included  the  anchorage  basin 
which  was  not  included  in  the  model  construction  procedure  test,  and  the 
size  of  the  dredged  material  disposal  area  adjacent  to  the  north  jet.ty 
was  different  in  the  model  and  prototype. 

207.  In  the  discussion  of  the  Galveston  Harbor  entrance  model 
study  presented  here,  attention  will  first  be  given  to  ilie  modeling 
techniques  used  relative  to  the  basic  modeling  criteria  for  sediment 
transport  and  to  the  prototype  boundary  conditions  as  can  best  be 
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defined.  Then  the  results  of  the  comparison  between  the  model  predic- 
tions and  the  postconstruction  prototype  observations  will  be  discussed 
in  light  of  the  modeling  techniques  employed. 

Modeling  Techniques 

208.  At  the  initiat'on  of  the  model  study,  the  first  problem 
encountered  was  a lack  of  adequate  prototype  data.  As  described  previ- 
ously, there  was  a lack  of  prototype  hydrographic  surveys  covering  a 
sufficient  area  of  the  movable  bed  of  the  model  to  give  an  indication 
of  an  average  bed  change  without  fear  of  contamination  by  short-term 
fluctuations  in  the  bed  due  to  storms.  The  littoral  environment . was 
not  well  understood  at  that  time  and  wave  statistics  for  the  area  were 
limited. 

209.  There  is  some  question  about  the  quality  of  the  maintenance 
dredging  data.  At  the  time  of  the  study,  dredging  volumes  for  the 
period  1953  to  I961  were  supplied  by  the  Galveston  District.  Those  data 
are  compared  with  the  volumes  reported  by  OCE  (1953-I96l)^  in  Table  20. 
Hopper  dredge  report  sheets  (Form  No.  27)  obtained  from  the  Galveston 
District  for  FY  1959  through  FY  197^  were  used  to  determine  maintenance 
dredging  volumes  for  fiscal  years  1959  to  I96I  and  calendar  years  1958 
to  1961  and  these  are  also  shown  in  Table  20.  Table  20  shows  discrep- 
ancies between  the  OCE  Annual  Report  data,  the  volumes  determined  from 
the  hopper  dredge  sheets,  and  the  data  supplied  by  the  Galveston 
District.  The  average  annual  dredging  for  each  of  the  sources  of  data 
is  not  greatly  different  (roughly  j^lO  percent  from  the  District's  fig- 
ures) and  the  data  used  for  verification  yield  a representative  voliune; 
but  little  confidence  can  be  placed  in  a specific  prototype  volume  of 
dredging  quoted  for  a particular  year. 

Geometric  similitude 

210.  The  first  step  toward  obtaining  proper  modeling  of  sedimen- 
tation is  geometric  similitude.  This  is  generally  ensured  by  the 
proper  reproduction  of  the  morphology  around  the  inlet,  the  Jetties, 
and  the  offshore  contours.  The  accuracy  of  molding  the  movable  bed  of 
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the  model  was  sufficient  to  obtain  geometric  similitude  with  the  proto- 
type. The  differences  in  the  plans  tested  in  the  model  and  constructed 
in  the  prototype  were  not  large  enough  to  destroy  the  general  similitude, 
but  they  may  have  caused  local  differences  in  the  results. 

Hydraulic  similitude 

211.  The  next  concern  in  obtaining  proper  sedimentation  modeling 
is  tidal  hydraulics.  As  discussed  in  paragraphs  79  and  95,  during  sedi- 
mentation verification  current  velocities  were  increased  35  percent  to 
obtain  adequate  bed  movement.  This  is  not  surprising  when  the  verifi- 
cation of  the  current  velocities  is  examined.  Plate  9 shows  the  quality 
of  the  reproduction  obtained  at  four  velocity  stations  (middepth),  A-1, 
B-2,  C-2,  and  F-3;  locations  of  these  stations  are  shown  in  Figure  1. 

Sta  A-1,  located  in  the  Galveston  Channel,  shows  the  best  agreement  as 
would  be  expected  since  it  is  located  in  a narrow  channel  where  little 
concern  must  be  given  to  the  transverse  velocity  distribution.  Sta  B-2 
and  C-2  are  located  well  into  the  inlet,  almost  in  the  bay.  This  area 
is  of  importance  with  regard  to  sediment  transport,  being  the  area  from 
which  bay  material  would  be  fed  into  the  inlet  on  ebb  currents.  Both 
stations  show  the  velocities  to  be  generally  low  in  the  model.  Sta  F-3 
is  between  the  outer  ends  of  the  jetties  in  the  navigation  channel 

in  an  area  of  large  bed  movement;  at  that  station,  the  model  velocities 
are  also  low. 

212.  Table  8 shows  the  relations  between  the  model  and  proto- 
type current  velocities  at  sta  B-2,  C-2,  and  F-3.  At  all  three  sta- 
tions the  average  flood  and  ebb  velocities  and  maximum  flood  and  ebb 
velocities  are  lower  in  model  than  in  prototype.  The  average  ratio  of 
average  and  maximum  velocities  from  all  three  stations  is  1.3  (proto- 
type to  scaled  model).  Therefore,  the  35  percent  increase  in  model 
velocities  resulted  in  improved  hydraulic  agreement  rather  than  a dis- 
tortion of  hydraulic  similitude. 

213.  An  important  part  of  the  general  hydraulic  similitude  of  a 
tidal  inlet  model  is  flow  reversal.  This  phenomenon  can  have  an  im- 
portant impact  on  the  general  sedimentation  characteristics  of  the  inlet 
since  it  causes  sediment  moving  through  the  inlet  to  be  retained  much 
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longer  than  would  occur  under  steady- flow  conditions.  For  the  operation 
of  the  model  during  the  sedimentation  verification,  the  procedure  devel- 
oped involved  only  12  reversals  of  flow  for  each  model  year.  The  pro- 
longed periods  of  maximum  flows  in  the  model  could  have  allowed  a 
greater  development  of  current  channelization  than  could  occur  in  the 
prototype.  It  is  not  reasonable  to  expect  as  many  reversals  per  year 
in  the  model  as  in  the  prototype,  but  the  absence  of  them  due  to  pro- 
longing the  maximum  flows  may  have  had  a profound  effect  on  the  modeling 
of  the  sediment  transport,  particularly  in  the  inner  bar  channel  where 
tidal  currents  are  of  greater  importance  than  waves  in  the  transport 
of  sediment. 

2lU.  Because  of  difficulties  (cost  and  more  complex  operating 
techniques)  associated  with  the  use  of  salt  water  in  the  model,  it  was 
operated  with  all  fresh  water.  This  was  believed  justified  due  to  the 
low  freshwater  discharge  in  the  prototype  except  for  extremely  short 
periods  of  high  flow  from  the  Trinity  River  when  the  inlet  area  becomes 
partly  mixed.  This  was  a step  away  from  hydraulic  similitude  with  the 
prototype. 

215.  During  high  freshwater  inflow  periods  in  the  prototype,  the 
vertical  salinity  gradient  experienced  in  the  inlet  area  is  great  enough 
to  set  up  a net  transport  bayward  at  the  bottom  in  some  areas  of  the 
inlet.  With  high  inflow  there  will  also  be  an  increase  in  the  supply  of 
fine  bay  sediments  to  the  inlet  area.  The  partly  stratified  condition 
in  the  inlet  can  create  a trap  for  this  material,  somewhere  in  the  inner 
portion  of  the  inlet.  This  process  may  have  been  a contribution  to  the 
finer  materials  found  in  the  prototype  inner  bar.  This  phenomenon  would 
not  have  been  successfully  modeled  because  the  model  sediment  did  not 
have  a large  fraction  of  finer  materials.  Even  if  the  model  were 
operated  with  salt  water  in  the  Gulf  of  Mexico,  great  difficulties  would 
have  been  encountered  in  simultaneously  modeling  the  material  transport 
at  the  outer  portions  of  the  bed  and  the  sedimentation  characteristics 
of  the  bay  material. 

216.  A firm  conclusion  about  the  effect  on  model  results  of  not 
reproducing  salinity  gradients  and  a full  sediment  supply  from  the  bay 
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cannot  be  drawn  from  the  available  data.  The  prototype  bed  samples  sug- 
gest such  an  effect  would  occur,  but  it  is  believed  that  the  magnitude 
of  error  introduced  would  be  relatively  small. 

217.  In  the  outer  portions  of  the  inlet,  wave  reproduction  is 
of  greater  importance  to  the  sediment  transport.  The  single  wave  used 
in  the  model,  with  a prototype  height  of  5.0  ft,  a prototype  period  of 
7.7  sec,  and  from  a direction  S37°E,  appears  to  have  been  a good  choice 
for  a single  representative  wave  but  does  not  represent  the  variation  in 
the  prototype  waves  that  produces  a varying  littoral  environment  with 
large  changes  in  the  direction  and  magnitude  of  transport  along  the 
coast.  As  discussed  in  paragraph  ^9,  the  gross  transport  is  three  to 
six  times  the  net  transport  in  the  area  of  Galveston.  The  single  wave 
direction  used  in  the  model  did  not  adequately  reproduce  this  large 
variation  in  the  littoral  transport;  however,  attempts  to  improve  the 
verification  using  two  wave  directions  were  unsuccessful. 

218.  The  wave  height  and  period  used  in  the  model  study  appear 
to  be  representative  of  wave  climate  that  contributes  most  to  sediment 
transport.  As  shown  in  Table  2,  56  percent  of  the  time  the  wave  height 
was  less  than  the  model  wave  height  of  5.0  ft.  The  model  period  of 
7.7  sec  was  greater  than  about  85  percent  of  the  wave  periods  observed. 
There  were  not  sufficient  prototype  wave  data  to  determine  a reliable 
significant  wave  height,  nor  is  there  an  adequate  definition  of  an 
average  wave  height  for  sediment  transport;  but  the  height  and  period 
used  in  the  model  appear  to  have  been  reasonable  in  the  absence  of 
better  information. 

219.  As  described  in  paragraph  98,  the  model  wave  diffracted  as 
if  it  were  a much  longer  wave.  The  error  would  be  noticeable  only  in 
the  area  of  the  inner  bar  channel  for  the  wave  direction  used  in  the 
model. 

220.  The  model  wave  was  generated  only  while  the  tide  generator 
was  being  operated;  the  waves  were  not  generated  during  the  prolonged 
periods  of  maximum  flows.  This  means  that  the  model  waves  were  being 
generated  only  about  30  percent  of  the  model  operating  time  and  that 
was  during  the  periods  of  lower  current  velocities.  Attempts  to  improve 


the  verification  by  extending  the  duration  of  wave  generation  were 
unsuccess  fill. 

Sediment  transport 

221.  Scaling  of  the  model  sediment  grain  size  was  governed  largely 
by  practical  model  operation  considerations.  Once  crushed  coal  was 
chosen,  grain  size  alone  could  be  varied.  An  absolute  minimum  size 
would  have  been  that  below  which  the  particles  floated  due  to  surface 
tension,  since  a firm  bed  could  not  be  maintained  under  those  conditions. 
The  actual  criterion  used  for  grain  size,  that  being  the  size  at  which 
ripples  did  not  form  on  the  bed,  simplified  sounding  of  the  bed;  but  it 
did  not  result  in  a favorable  value  of  A . The  resulting  product 

of  sediment  size  and  submerged  specific  gravity  was  not  an  optimum  choice 
for  sediment  motion.  As  described  in  paragraph  101,  the  lack  of 
similarity  was  more  severe  in  those  areas  not  exposed  to  vigorous  wave 
action. 

222.  The  scale  effects  caused  by  inaccurate  modeling  of  the  par- 
ticle Reynolds  number  are  not  considered  to  have  been  great  (see  para- 
graph 102) . 

223.  It  is  doubtful  that  sediment  supply  to  the  model  inlet  was 
large  enough.  The  representative  wave  direction  discussed  earlier 
probably  would  not  supply  a sufficient  quantity  of  littoral  material 
from  the  updrift  and  downdrift  beaches.  Supply  from  the  bay  may  or  may 
not  have  been  adequate,  although  it  seems  likely  that  a supply  equal  to 
the  volume  of  finer  grained  sediments  found  in  the  inner  bar  area  was 
not  produced  by  the  model. 

22U.  If  it  is  accepted  that  a low  value  of  A resulted  in  a 

^ * 

reduced  capability  to  transport  sediment,  then  the  orientation  of  the 
verification  wave  can  be  understood.  Since  the  size  of  tidal  inlets  can 
be  explained  as  a balance  between  the  sediment  transporting  power  of  the 
tidal  currents  and  the  sediment  supplied  by  littoral  transport,  it  can 
be  seen  that  a reduced  transport  power  in  the  model  inlet  had  to  be 
matched  by  a reduced  sediment  supply  to  retain  the  inlet's  character- 
istic cross-sectional  area  and  obtain  proper  shoaling  volumes.  The 
reduction  in  sediment  supply  due  to  a wave  almost  parallel  to  the 
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shoreline  was  thus  a.  necessary  adjustment  to  obtain  shoaling  verification. 

225.  No  attempt  was  made  to  simulate  windblown  sediment  supply 
from  adjacent  beaches.  The  relative  volume  of  windblown  deposits  in  the 
prototype  is  probably  small,  but  the  lack  of  such  a supply  may  have  been 
the  reason  that  no  substantial  change  occurred  in  the  spit  at  the  inner 
end  of  the  south  jetty. 

226.  Prolongation  of  model  maximum  tidal  flows  with  relatively 
fewer  flow  reversals  may  have  affected  sediment  transport  patterns  and 
thus  deposition  in  the  model  inlet,  and  may  have  also  caused  relatively 
greater  flow  channelization. 

227.  Another  factor  affecting  sediment  motion  is  the  bed  mate- 
rial's angle  of  repose.  Since  both  model  and  prototype  have  repose 
angles  of  about  30°  in  air,  model  distortion  results  in  the  coal  holding 
too  mild  a slope.  This  affects  incipient  motion,  but  as  discussed  previ- 
ously, incipient  tranrport  is  of  lesser  importance  in  the  inlet.  A 
greater  effect  will  be  the  response  of  the  bed  to  creation  of  artifi- 
cially steep  slopes  by  dredging.  In  the  absence  of  agitation,  the  model 
sediment  would  have  sloughed  into  newly  dredged  channels  more  rapidly 
than  that  of  the  prototype. 

Dredging  similitude 

228.  The  dredging  techniques  and  their  effects  were  different  in 
model  and  prototype.  The  prototype  dredge  scheduling,  inaccui’acies  in 
locating  the  dredge,  dredge  operator  differences,  and  weather  conditions 
tend  to  make  the  reported  dredge  volumes  an  unreliable  indication  of  the 
dredging  required  for  a specific  year.  In  contrast,  in  the  laboratory 
environment  of  the  model,  areas  where  dredging  is  required  and  the  vol- 
ume required  are  most  easily  determined.  The  depth  of  the  dredge  cut  is 
more  accurately  regulated  and  the  volume  of  dredging  is  more  accurately 
measured.  Because  of  these  differences,  the  method  of  adjusting  the 
dredged  volumes  becomes  very  important. 

229.  The  reported  prototype  dredge  volumes  were  less  than  the 
net  hydrographic  change  (scour)  during  the  dredging  operations  as  deter- 
mined by  analysis  of  the  before  and  after  surveys.  This  indicates  that 
during  the  dredging  operation  there  was  some  effective  agitation 


dredging  in  the  inlet.  The  ratios  between  the  net  hydrographic  volume 
changes  during  the  dredging  operations  and  the  reported  prototype  dredg- 
ing volumes  averaged  1.57  for  the  inner  bar  channel,  1.17  for  the  outer 
bar  channel,  and  1.36  for  the  approach  channel.  The  higher  values  for 
the  inner  bar  and  approach  channels  perhaps  reflect  the  scouring  of  finer 
material  from  the  inner  bar  channel  and  the  greater  movement  of  material 
in  the  approach  channel  by  wave  action. 

230.  The  model,  on  the  other  hand,  showed  that  the  net  hydro- 
graphic  change  during  the  model  dredging  operation  was  less  than  the 
voliime  of  material  removed  from  the  model.  There  was  no  model  dredging 
performed  in  the  inner  bar  channel;  therefore,  no  ratio  can  be  computed 
there.  However,  in  the  model  outer  bar  and  approach  channels  the  ratios 
between  net  hydrographic  volume  changes  during  dredging  operations  and 
the  reported  dredged  volumes  were  O.Ul  and  0.38,  respectively.  Agita- 
tion dredging  as  in  the  prototype  was  not  possible  because  the  model  was 
not  in  operation  dirring  dredging.  Rather,  the  model  method  of  dredging, 
using  the  wide  dustpan,  may  have  caused  eddies  around  the  edges  of  the 
dustpan  that  brought  material  into  the  channel.  This,  plus  more  rapid 
sloughing  into  the  channel  due  to  the  distortion  of  the  model,  could 
have  been  the  cause  of  the  difference  between  the  volume  removed  from 
the  model  channel  and  the  net  volume  change. 

231.  From  the  above  discussion  and  examination  of  the  before-and- 
after  channel  condition  maps  (Plates  15-38)  it  is  obvious  that  both  model 
and  prototype  dredging  methods  were  imprecise.  Their  imprecision  is  of 

a nature  that  makes  meaningful  comparison  between  model  and  prototype 
volumes  difficult.  A further  complication  is  introduced  by  the  fact 
that  during  construction  the  prototype  channel  was  dredged  an  average  of 
more  than  2 ft  deeper  than  the  model  depths.  The  possibility  cannot  be 
ignored  that  this  overdredging  could  affect  shoaling  characteristics  of 
the  inlet  for  several  years. 

Time  scales 

232.  Wiien  the  sediment  transport  rate  in  a movable-bed  model  is 
low,  one  way  of  alleviating  the  problem  is  to  lengthen  tlie  time  of  the 
model  operation  to  obtain  enough  bed  change.  Tliis  becomes  difficult 
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when  the  modeling  time  scale  for  the  sediment  transport  determined  by 
this  method  varies  in  different  areas  of  the  model.  This  appeals  to  be 
the  case  in  the  Galveston  Harbor  entrance  model.  The  model  year  was  de- 
termined somewhat  arbitrarily.  As  discussed  in  paragraph  79,  the  model 
year  covered  7 hr  of  model  operation,  giving  a sedimentation  time  scale 
of  about  1:1251  (7  hr  model  = 1 year  prototype).  The  model  verification 
test  of  the  general  bed  condition  covered  seven  model  years.  The  changes 
in  that  7-year  period  compared  well  with  prototype  changes  occurring  over 
a 10-year  period.  The  prototype  changes  during  the  10-year  verification 
period  could  have  occurred  in  a much  shorter  period,  but  10  years  is  con- 
sidered a representative  period  for  this  discussion.  The  model  time 
scale  defined  by  the  bed  changes  for  the  movable  bed  was  on  the  order  of 
1:1788  (U9  hr  model  = 10  year  prototype),  relating  the  model  7-year 
period  to  the  10-year  prototype  period.  Based  on  the  volume  of  material 
shoaling  in  the  model  channel  during  the  7-year  verification  test  (model 
year  arbitrary),  the  model  shoaling  time  scale  is  much  smaller.  The 
model  average  shoaling  during  each  model  year,  still  arbitrary,  was 
901,000  cu  yd,  while  the  prototype  shoaling  was  approximately  1,183,000 
cu  yd.  Assuming  that  the  model  operation  time  defining  a model  year 
could  have  been  prolonged  to  increase  model  shoaling  to  the  point  where 
the  dredging  requirement  would  be  the  same  as  in  the  prototype,  the  model 
channel  shoaling  time  scale  would  have  been  approximately  1:953  (9-2  hr 
model  = 1 year  prototype). 

233.  Based  upon  the  large  difference  in  A values  for  tidal 

^ * 

currents  and  waves,  separate  time  scales  for  transport  by  these  two 
mechanisms  appear  likely.  The  model  operating  technique  provided  for 
separate  scales  by  having  a shorter  period  of  waves  than  of  tidal  cur- 
rents, resulting  in  a composite  time  scale  accounting  for  both. 

23^».  A sediment  transport  time  scale  is  difficult  to  quantify 
when  it  is  apparently  variable  for  the  transport  through  the  inlet. 

The  sediment  transport  time  scale  can  be  qualitatively  tied  to  the  scale 
effects  reflected  in  the  value  of  the  particle  densimetric  Froude  number, 

. If  the  svalue  of  A is  very  low  the  model  transport  wii.l  be  low 
and  the  time  scale  will  be  large  and  will  require  a relatively  long 
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model  operation  period,  while  a higher  value  of  A will  require  a 

shorter  model  operating  time.  The  complicating  factor  is  that  the  value 

of  A varies  through  the  inlet.  In  the  outer  portions  of  the  inlet 
^ * 

where  waves  are  an  important  transport  mechanism.  Equation  8 would  be 

appropriate  for  defining  the  shear  velocity  and  the  value  of  A^  would 

' * 

be  larger  than  in  the  throat  of  the  inlet  where  tidal  currents  are  of 
greater  importance  and  Equation  7 is  used  for  the  shear  velocity.  How- 
ever, by  having  the  prolonged  periods  in  the  model  operation  with  maxi- 
mum current  velocities  and  no  waves,  the  model  is  producing  during  those 
periods  sediment  transport  in  the  areas  where  tidal  currents  are  of  im- 
portance (i.e.,  the  inner  bar)  and  having  only  minor  transport  in  the 
areas  of  the  bed  where  wave  action  is  most  important  to  the  transport 
(approach  channel  and  adjacent  beaches).  Within  a model  year  of  opera- 
tion the  tidal  transport  would  have  been  possible  throughout  the  year, 
while'  the  wave  transport  would  have  only  been  possible  30  percent  of 
the  time.  This  difference  tends  to  offset  the  discrepancy  in  the  A 

^ * 

values  for  tidal  currents  and  for  tidal  currents  with  waves. 

Storm  effects 

235.  The  effects  of  northers  on  sediment  transport  within  the 
inlet  is  not  well  defined.  Wind-induced  setup  would  increase  the  capac- 
ity of  the  inlet  to  move  sediment  out  without  simultaneously  overloading 
it  with  a large  littoral  transport.  Northers  will  certainly  supply  large 
volumes  of  fine  seciment  to  the  inlet,  but  the  increased  current  veloc- 
ities would  pro^iab  y oi’event  rapid  deposition  of  this  sediment.  Northers 
are  a fre(quent  winter  occurrence  in  Texas,  so  their  effects  might  be  ex- 
pected to  be  reproduced  with  an  average  hydraulic  condition  in  the  model; 
however,  a specific  simulation  could  easily  be  included  in  a model  test. 
The  Galveston  model  verification  procedure  may  have  included  such  a 
simulation  in  the  prolonged  maximum  flows. 

236.  Tropical  storm  effects  on  the  inlet  are  more  varied  than 
those  of  northers.  The  results  of  Hurricane  Carla  show  tliat  tropical 
storms  can  have  a significant  effect  on  the  inlet  hydrography,  but  those 
effects  will  be  dependent  upon  a storm's  duration,  intensity,  proximity, 
and  direction  of  approach.  Storms  moving  ashore  Jiear  Galveston,  such  as 
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Carla,  provide  increased  sediment  load  aue  to  an  enlarged  littoral  trans- 
port and  an  increased  capability  to  move  sediment  by  waves  and  storm 
surge.  Beach  and  jetty  overtopping  allows  localized  deposit  of  large 
sediment  volumes.  More  distant  storms  increase  littoral  transport  by 
their  waves  without  substantially  increasing  transport  power  in  the  inlet. 
Both  can  result  in  musually  heavy  shoaling  volumes  in  the  navigation 
channel . 

237.  It  should  be  much  more  difficult  to  include  an  average  trop- 
ical storm  effect  in  the  model  because  of  the  drastic  effect  that  one 
storm  may  have.  In  the  verification  test,  the  scarcity  of  prototype 
data  did  not  encourage  any  attempt  to  include  a storm  effect  and  sub- 
sequent readjustment.  The  relatively  short  time  spans  of  the  verifica- 
tion and  postconstruction  periods  did  not  permit  averaging  of  a >nce- 
in-lO-years  storm  nor  did  they  share  an  equal  occurrence  of  storms 
(Table  19).  Because  of  inconstant  and  uncertain  storm  effects,  the  de- 
gree of  agreement  between  model  and  prototype  should  not  be  expected 

to  be  precise. 

Similarity  of  bed  conditions 

238.  The  model  plan  tests  were  run  using  the  I96O  bed  conditions 
as  a st-arting  condition.  As  described  in  paragraphs  I6I-I69,  this  was 
a fairly  accurate  representation  of  the  prototype  bed  condition  just 
prior  to  construction  in  1967-  The  major  difference  was  that  the  pro- 
totype had  a somewhat  greater  cross-sectional  area  between  the  tips  of 
the  jetties  and  in  the  area  of  the  south  Jetty  sand  spit. 

239.  During  construction,  some  of  the  model  and  prototype  dredged 
material  was  deposited  in  the  old  outer  bar  channel.  After  completion 
of  construction,  the  model  maintenance  volumes  continued  to  be  deposited 
there;  but  in  the  prototype,  part  of  the  material  was  hauled  to  offshore 
disposal  sites.  This  difference  in  procedure  could  have  affected  the 
model  either  by  some  of  the  disposed  material  moving  back  into  the  chan- 
nel or  by  constricting  the  cross  section.  Plates  66  and  67  show  that 
the  cross  section  through  the  outer  bar  was  somewhat  different  in  model 
and  prototype,  with  the  model  shallower  ijq  the  disposal  area  and  deeper 
on  the  opposite  side  of  the  realigned  channel. 


JiUO.  /mother  dirrerenoe  in  model  and  prototype  conditions 
that  might  have  affected  model  results  was  the  dredging  of  the  prototype 
anchoi-age  basin.  The  anchorage  basin  design  constructed  in  the  proto- 
type was  not  tested  in  the  model  and  was  not  included  in  the  cons-'.ruc- 
tion  procedui’e  test  from  which  these  data  were  drawn.  One  anchorage 
basin  t.-sLed  was  somewhat  similar  to  that  which  was  constructed,  and 
those  test  results  showed  that  continued  maintenance  of  the  anchorage 
basin  would  slightly  decrease  maintenance  volumes  for  the  navigation 
chamiel . 


Evaluation  of  Results 


2hL.  In  an  effort  to  better  understand  the  model  perl’ormance, 
results  of  the  comparison  of  tiie  model  predictions  with  the  postconstruc- 
tion prototype  observations  need  to  be  discussed  in  light  of  the  modeling 
techniques  employed  during  the  model  study. 

242.  In  summary,  results  of  the  comparisons  between  the  model  and 
prototype  postconstruction  data  show  that: 

&.  The  general  locations  of  zones  of  deeper  or  shallower 
depths  in  the  navigation  channel  were  fairly  aecui’ately 
predicted  by  the  model. 

b.  Scour  and  fill  in  the  model  navigation  channel  were  on  a 
much  smaller  scale  than  were  the  changes  observed  in  the 
prototype  navigation  channel. 

c_.  The  model  inner  bar  channel  predicted  progressive  charmel 
scour  throughout  the  test,  while  the  prototype  scoui'  and 
fill  tended  to  offset  one  another. 

The  model's  predictions  of  dredging  volumes  for  the  outer 
bar  channel  were  substantially  correct  in  both  ab.solute 
and  relative  terms. 

£.  The  model's  predictions  of  absolute  dredging  volumes  for 
the  approach  channel  were  too  low  and  l.lie  relative 
changes  were  somewliat  low. 

£.  The  model  prediction  for  tlie  distribution  of  ;dioaling 

over  the  three  channel  sections  was  incorrect,  primarily 
due  to  a lack  of  siioaling  in  t.he  model  inner  bar  ctiannel. 

Tiie  total  average  shoaling  volume  for  1.lie  ent  i re 
entrance  channel  after  construct  i nn  was.  apTirox  imately 
twice  the  voJiane  pi’edicted  by  the  model  tests. 
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The  model  predictions  for  the  general  areas  of  scour  and 
fill  in  the  bed  between  the  jetties  were  fairly  accurate 

The  specific  locations  of  small  zones  of  scour  and  fill 
were  not  accurately  predicted  by  the  model. 


Inner  bar  channel 


243.  The  sediment  transport  rate  in  the  inner  bar  channel,  where 
tidal  currents  are  the  primary  transport  mechanism,  would  be  expected 
to  be  low  because  of  low  A values.  Since  the  model  inner  bar  chan- 
nel  exhibited  progressive  scour,  it  is  obvious  that  transport  did  occur 
but  that  the  sediment  supply  was  less  than  the  transport  capability. 

It  has  already  been  suggested  that  the  verification  wave  should  have 
resulted  in  too  little  sediment  entering  the  inlet  from  the  ocean  side. 

A second  major  source  of  sediment  is  that  material  already  in  the  inlet 
which  is  rearranged  by  crossc\irrents  that  are  either  direct  tidal  cur- 
rents or  secondary  currents  generated  by  inlet  geometry.  If  the  primary 
tidal  current  transport  capacity  were  low,  that  of  the  crosscurrents 
would  almost  certainly  be  low,  too.  It  has  also  been  said  that  the  sedi- 
ment supply  from  the  bay  would  have  been  low  in  the  model  although  the 
relative  contribution  to  shoaling  volumes  from  this  source  is  uncertain. 

2kh.  The  next  question  to  consider  in  evaluating  the  model  inner 
bar  channel  is  whether  the  scour  zone  in  that  area  is  a consistent  pro- 
totype feature  or  not  and  if  so,  did  the  model  reproduce  its  location 
correctly.  The  1950  to  i960  bed  change  map  (Plate  12)  showed  the  scour 
zone  somewhat  closer  to  the  south  jetty  than  was  reproduced  in  model 
verification  (Plate  13).  The  1950  to  I962  map  (Plate  75)  shows  it  to  be 
very  slightly  northward  of  the  1950  to  i960  position,  whereas  in  the 
i960  to  1962  map  (Plate  Tk)  the  scour  zone  is  very  close  to  its  position 
in  the  model.  In  the  postconstruction  period  (Plates  71  and  73),  the 
zone  is  observed  to  be  at  different  intermediate  positions  between  the 
1950  to  i960  and  model  verification  positions.  It  can  be  concluded  that 
for  the  periods  of  interest  the  scour  zone  was  a persistent  feature  of 
the  entrance  but  that  the  area  of  greatest  scour  moved  laterally  back 
and  forth.  Such  a persistent  (23  years)  scoui'  implies  that  a substan- 
tial inlet  readjustment  is  occurring  and  the  deepening  probably  does  not 


represent  readjustment  to  repeated  storm-induced  perturbations  in  the 
bed.  The  conditions  do  not  exclude  a slow  readjustment  to  a single  large 
perturbation. 

2U5.  Despite  the  23-year  deepening  trend  just  south  of  the  new 
channel  alignment,  the  postconstruction  period  saw  repeated  arihual 
dredging  of  the  inner  bar  channel,  though  the  volumes  were  not  large. 

This  can  be  explained  by  examining  the  channel  condition  maps  (Plates 
15-38).  As  described  in  paragraph  1^+1,  shoaling  in  the  inner  bar  channel 
was  confined  to  the  north  side  and  seaward  end  of  the  channel.  The  bay 
end  and  the  south  side  of  the  channel  remained  fairly  stable  near  project 
depth,  and  the  principal  scour  zone  was  between  the  channel  and  south 
jetty.  Relatively  minor  shifts  in  the  shoaling  zones  could  have  made 
the  inner  bar  channel  nearly  self-maintaining. 

2U6.  The  prototype  inner  bar  area  has  a fairly  substantial  amount 
of  silt-and-clay  material.  It  is  possible  that  the  composition  of  bed 
material  there  is  stabilized  by  the  finer  materials,  becoming  more  re- 
sistant to  scour  and  allowing  for  accelerated  shoaling  rates.  This  phe- 
nomenon could,  of  course,  not  be  duplicated  in  the  modeling  efforts. 

Outer  bar  channel 

2U7.  In  the  outer  bar  channel  the  prototype  dredged  volumes 
(Table  ll)  were  in  general  agreement  with  model  predictions.  This 
occurred  in  spite  of  an  initial  massive  overdredging  in  the  prototype 
and  the  previously  noted  low  sediment  supply  in  the  model.  When  adjusted 
for  underdepth  and  overdepth  the  dredged  volumes  were  even  closer 
(Table  15).  With  required  dredging  volumes  (Table  16)  fairly  close 
and  hydrographic  changes  between  dredgings  (Table  13)  about  four  times 
larger  in  the  prototype,  it  appears  that  the  overdredged  portion  may  be 
slowly  filling  with  sediment. 

2U8.  The  channel  condition  maps  (Plates  15-38)  show  the  same 
pattern  of  a shallow  south  side  and  a deeper  north  side  of  the  outer 
bar  channel  in  both  model  and  prototype.  This,  in  combination  with 
differences  in  hydrographic  changes  (Table  13)  and  channel  scour-and-f ill 
patterns  (Plates  39-50),  indicates  that  the  model  outer  bar  channel  per- 
formed similarly  to  the  prototype  but  with  the  relative  magnitudes  of 
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changes  much  too  small  in  the  model.  Since  both  scour  and  fill  were 
low  in  the  model,  the  net  result  was  that  dredging  requirements  were  in 
fairly  close  agreement  with  the  prototype. 

2U9-  The  conditions  described  above  imply  that  the  model  outer  bar 
channel  results  were  in  reasonable  agreement  with  the  prototype  because 
the  trends  of  scoijx  and  fill  were  correctly  reproduced  and  because  a low 
sediment  transport  capability  was  compensated  by  a low  sediment  supply 
and  an  appropriate  time  scale. 

Approach  channel 

250.  The  reported  dredged  volumes  (Table  11 ) for  the  approach 
channel  show  the  model  to  have  about  half  the  average  annual  volume  of 
the  prototype.  In  the  other  volume  computations  the  disparity  is  even 
greater.  The  scour-and-f ill  maps  (Plates  39-50)  show  that  the  only 
portion  of  the  model  approach  channel  that  shoaled  substantially  was  that 
at  the  tips  of  the  jetties,  whereas  the  prototype  channel  shoaled  over 
most  of  its  length.  This  also  was  the  result  of  an  inadequate  sediment 
supply.  Had  the  verification  wave  been  from  a different  direction  or 
possibly  had  a longer  period,  more  shoaling  would  have  occurred  in  the 
outer  portion  of  the  approach  channel.  It  is  significant  that  deepening 
the  channel  by  U ft  required  extending  it  about  a mile  into  a part  of 
the  model  that  had  not  been  verified. 

Comparison  with  Verification 

251.  If  the  discrepancies  between  model  and  prototype  are  to  be 
explained  by  low  sediment  supply,  low  sediment  transport  capacity,  and 
inexact  location  of  scour-and-fill  zones,  then  the  model  verification 
must  be  explained  in  those  terms  as  well. 

252.  The  model  verification  resulted  in  generally  accurate  repro- 
duction of  scour-and-fill  patterns.  Precise  reproduction  was  not  con- 
sidered necessary  and  was  not  obtained.  This  tendency  to  reproduce 
general  patterns  was  also  observed  in  the  postconstruction  period  and 

in  some  areas  I'esulted  in  acciu'ate  model  prtjdiction;  accurate  j'redic- 
tions  did  not  occur  in  the  inner  i)ar  channel,  where  a .sligijt  difference 


in  location  of  the  scour  zone  caused  the  prototype  channel  to  experience 
locally  heavy  shoaling  not  predicted  by  the  model. 

^53.  TJie  outer  bar  channel,  which  was  altered  less  drastically  by 
the  channel  realignment,  gave  the  best  results  for  the  postconstruction 
period.  Model  scale  effects  tended  to  compensate  for  each  other  during 
both  the  preconstruction  and  postconstruction  periods. 

2^h.  The  inner  bar  channel  was  changed  considerably  by  the  re- 
alignment. It  was  moved  from  an  area  of  overall  deposition  to  an  area 
of  both  scour  and  fill.  It  was  thus  afflicted  by  two  changes — location 
in  an  area  where  imprecision  in  patterns  could  have  significant  effects, 
and  location  in  a scour  area  where  the  deficiencies  of  low  sediment  sup- 
ply and  low  transport  rates  might  not  compensate  for  each  other. 

255-  For  the  verification  tests,  the  prototype  data  for  the 
approach  channel  were  included  in  a total  volume  for  outer  bar  and 
approach  channels;  therefore  the  model's  deficiences,  if  any,  might  be 
masked  by  the  outer  bar  channel.  Extension  of  the  approach  channel 
altered  that  channel's  contribution  in  two  ways — the  navigation  channel 
was  extended  into  a section  of  the  model  that  had  not  been  thoroughly 
verified,  and  the  approach  channel's  contribution  to  the  overall 
dredged  volumes  was  increased  by  an  increase  in  area  to  dredge.  The 
model  approach  channel  seems  to  have  retained  verification  test  reli- 
ability in  the  landward  portion. 

256.  While  this  analysis  implies  that  the  sediment  supply  to  the 
inlet  was  low  due  to  the  orientation  and  possibly  the  characteristics  of 
the  verification  wave,  it  has  also  been  noted  that  more  oblique  (and 
thus  more  effective  in  producing  littoral  transport)  waves  were  tried 
in  the  verification  trials  but  proved  unsatisfactory.  In  the  absence 
of  data  from  these  trials  the  cause  cannot  be  determined,  but  it  is  pos- 
sible that  waves  other  than  those  chosen  for  verification  would  be  in- 
capable of  reproducing  prototype  behavior. 


PART  VI : CONCLUSIONS 


Model  Predictions 


257-  The  Galveston  Harbor  entrance  model's  predictions  are  first 
judged  for  how  well  they  satisfied  the  study  objectives  as  given  by 
paragraph  9*  It  is  concluded  that  for  the  6 years  following  construction 
the  model  results: 

a.  Correctly  predicted  that  the  channel  realignment  and 
dredged  material  disposal  halted  undermining  of  the 
north  jetty  next  to  the  outer  bar  channel. 

b.  Correctly  predicted  that  total  maintenance  dredging 
volumes  would  increase  for  the  proposed  channel  but 
underpredicted  the  magnitude  of  that  increase. 

c_.  Erroneously  predicted  that  the  inner  bar  channel  would 
experience  net  erosion  and  require  no  maintenance 
dredging  beyond  the  second  year. 

d.  Correctly  predicted  the  approximate  absolute  and  relative 
increases  in  maintenance  dredged  volumes  for  the  outer 
bar  channel. 

_e.  Correctly  predicted  that  maintenance  dredging  volumes 
for  the  approach  channel  would  increase,  but  severely 
underpredicted  the  magnitude  of  that  increase  due  to  a 
marked  absence  of  shoaling  in  the  seaward  extension  of 
the  approach  channel. 

_f.  Correctly  predicted  a seaward  shift  in  the  channel  shoal- 
ing volume  distribution  but  overpredicted  the  magnitude 
of  the  shift.  This  overprediction  was  due  to  the 
erroneous  scour  prediction  for  the  inner  bar  channel. 

It  is  therefore  concluded  that  the  model  satisfied  most  of  its  qualita- 
tive objectives  but  failed  to  accurately  meet  most  of  its  stated  quanti- 
tative objectives. 

258.  The  model's  predictions  of  bed  configuration  changes  within 
the  jetties  were  fairly  accurate  representations  of  the  changes  experi- 
enced in  the  prototype  but  erred  in  the  magnitude  and  precise  location 
of  the  changes.  Some  bed  feature  changes  could  not  be  modeled  because 
of  differences  in  model  and  prototype  dredging  and  disposal  practices, 
the  construction  of  the  prototype  anchorage  basin,  and  an  inability  to 
define  effects  of  singular  events  such  as  storms. 
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259.  Discrepancies  in  model  maintenance  dredging  volume  predic- 
tions are  believed  to  have  been  primarily  due  to: 

A low  rate  of  sediment  supply  to  the  inlet, 
b.  Low  tidal  current  transport  capacity. 
c_.  Inexact  location  of  some  scour-and-fill  areas. 

Shoaling  volumes  in  the  outer  bar  channel  and  landward  portion  of  the 
approach  channel  were  more  accurately  predicted  because  the  low  sediment 
supply  rate  and  low  transport  rates  offset  one  another  and  those  channels 
were  not  in  zones  where  the  boundaries  between  scour  and  fill  signifi- 
cantly affected  dredged  volumes. 

260.  The  inner  bar  channel  results  were  incorrect  due  to  a de- 
ficient sediment  supply  and  an  inaccurate  model  representation  of  the 
scour  zone  through  which  the  channel  passes.  It  is  possible  that  wind- 
blown sand  and  bay  sediments  not  reproduced  in  the  model  may  be  signifi- 
cant sources  of  shoaling  material  in  the  inner  bar  channel.  The  lateral 
location  of  the  scour  zone  was  somewhat  erroneous,  but  more  important 

to  the  shoaling  volumes,  it  extended  too  far  seaward  in  the  model. 

261.  The  outer  portion  of  the  model  approach  channel  failed  to 
shoal  properly  because  the  model  wave  crest  was  nearly  perpendicular  to 
the  channel  axis  and  thus  did  not  move  sediment  across  the  channel. 

Another  possible  reason  is  that  the  single  model  wave  period  did  not 
adequately  transport  sediment  in  deeper  water. 

262.  The  low  sediment  transport  capacity  was  caused  by  a sediment 

that  was  too  large  and/or  too  heavy  to  be  moved  easily  by  scaled  currents. 

The  model-to-prototype  ratio  of  particle  densimetric  Froude  number  (A  ) 

^ * 

appears  to  have  been  a good  indication  of  a low  sediment  transport 

capacity.  The  values  of  A due  to  waves  were  significantly  higher 

^ * 

than  those  due  to  tidal  currents,  and  this  is  reflected  in  better  model 
performance  in  those  areas  where  waves  were  a more  important  part  of  the 
transport  process  except  in  deep  water  where  the  model  wave  did  not 
effectively  move  sediment  into  the  approach  channel. 

263.  Low  sediment  supply  from  the  littoral  zone  was  a direct  re- 
quirement of  the  model's  low  transport  capacity.  The  single  wave  from 
the  southeast  did  not  reproduce  a large  gross  littoral  transport  and 
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therefore  balanced  the  model's  low  transport  capacity.  A greater  sedi- 
ment supply  would  have  clogged  the  model  inlet.  In  deeper  water,  the 
direction  and  period  of  the  wave  may  have  prevented  adequate  transport 
into  the  approach  channel. 

26k.  The  pre-  and  postconstruction  periods  were  not  long  enough  to 
average  the  effects  of  tropical  storms,  but  the  storm  frequencies  and 
locations  for  the  two  periods  were  not  sufficiently  dissimilar  to  cause 
severe  changes  in  shoaling  volumes.  Differences  in  storm  conditions 
could  have  had  an  effect  on  location  and  extent  of  some  scour-and-fill 
zones  during  the  study  period.  In  particular,  if  a storm  during  the 
study  period  were  to  wash  beach  sand  over  the  south  jetty  and  deposit 
it  on  the  spit  adjacent  to  the  inner  bar  channel,  then  significant 
differences  in  inner  bar  shoaling  could  result. 

265.  Distortion  of  tidal  current  similitude  was  a necessary  pro- 
cedure to  obtain  adequate  sediment  transport  in  the  inner  portion  of 
the  entrance.  Prolongation  of  the  maximum  flows  improved  the  trans- 
port capacity  of  the  tidal  currents  but  may  have  prevented  sufficient 
trapping  of  littoral  material  by  creating  sustained  unidirectional  flow 
that  flushed  material  from  the  inlet  rather  than  moving  it  back  and  forth 
in  a reversing  flow. 

266.  From  this  analysis  of  the  Galveston  Harbor  entrance  model, 
it  is  concluded  that  movable-bed  modeling  of  similar  inlets  is  a 
feasible,  though  difficult,  technique  for  the  solution  of  sedimentation 
problems.  Infallible  movable-bed  techniques  are  not  available  to  t'he 
modeler,  but  if  they  were,  they  might  be  too  costly  to  be  useful. 
Movable-bed  model  studies  should  be  judged  by  the  quality  of  their  re- 
sults in  comparison  with  the  quality  and  quantity  of  available  prototype 
data,  the  effort  required  to  conduct  the  model  study,  and  the  limitations 
of  other  prediction  methods. 


Recommendations 


267.  There  is  an  inherent  danger  in  applying  results  from  one 
movable-bed  inlet  model  to  others  with  differing  characteristics,  but 


knowledge  of  coastal  sediment  transport  processes  may  be  combined  with 
observations  from  the  Galveston  Harbor  entrance  model  to  recommend  and 
reaffirm  some  practices  that  will  improve  model  reliability.  This  list 
is  not  complete  in  that  it  addresses  only  those  situations  encountered 
in  this  model  study. 

a.  Prototype  data  should  be  the  modeler's  first  concern. 

The  data  should  be  acciirate,  comprehensive,  and  in  suf- 
ficient detail  to  permit  a thorough  understanding  of  the 
sedimentary  processes  of  the  inlet.  These  data  should 
consist  not  only  of  bed  surveys  and  dredging  volumes 
but  should  include  docimentation  of  typical  hydrodynamic 
and  climatic  conditions  as  well  as  those  of  the  survey 
periods.  Sediment  supply  sources  should  be  identified. 

It  must  be  recognized  however,  that  an  adequate  prototype 
data  base  is  a rare  exception. 

b.  The  movable-bed  material  should  be  chosen  to  permit 
transport  by  currents  tnat  are  as  close  as  possible  to 
scaled  conditions.  The  value  of  the  model-to-prototype 
densimetric  particle  Froude  number  ratio  appears  to  be  a 
good  indication  of  what  the  sediment  characteristics 
should  be,  but  strict  equality  in  model  and  prototype  is 
probably  unnecessary.  Model  length  scales  should  be 
chosen  that  permit  realistic  sediment  transport  rates 

of  a practical  model  sediment.  Available  model  sedi- 
ments and  their  cost  will  dictate  what  degree  of 
similitude  is  feasible. 

c_.  Hydrodynamic  similitude  should  be  the  starting  point  in 
shoaling  verification.  Distortion  of  hydrodynamic  condi- 
tions may  be  permissible  but  should  be  minimized.  Wave 
climate  should  be  reproduced  by  a representative  set  of 
waves  that  provide  for  a range  of  wave  periods,  heights, 
and  directions.  Choosing  representative  waves  also 
requires  a sound  data  base. 

Model  operation  should  be  designed  to  ensure  that 
important  sediment  sources  are  represented  and  that 
sediment  supply  and  transport  capacity  are  in  the  proper 
relation  for  each  area  of  interest.  If  prototype  data 
indicate  the  necessity  of  including  singular  events  such 
as  storms,  an  attempt  should  be  made  to  simulate  them 
as  singular  events  in  the  model.  Defining  storm  effects 
is  likely  to  be  more  difficult  than  reproducing  them 
in  the  model. 

£.  Model  results  must  be  interpreted  in  the  light  of  verifi- 
cation accuracy  and  tempered  by  attention  to  the  magni- 
tude of  the  alterations  to  the  inlet.  The  practice  of 
interpreting  model  shoaling  in  terms  of  relative  change 
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rather  than  absolute  volumes  is  a sound  one.  This  is 
true  not  only  because  such  interpretations  are  more  re- 
liable, but  also  because  they  prevent  the  user  of  model 
results  from  applying  too  literal  an  interpretation  of 
shoaling  volume  predictions.  Available  resources  of 
data,  time,  and  money  dictate  the  level  of  modeling 
effort  and  quality  of  model  results . 
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Table  1 

Hydraulic  Scale  Relations  for  Distorted-Scale  Coastal  Models 


Parameter* 


General 


Vertical  length 
Horizontal  length 
Bottom  slope 
Distortion 

Surface  area 

Cross-sectional  area 

Volume 

Hydraulic  radius 


Y 


r 

X 


r 

S 


r 

n 


Tides  and  Currents 


Froude  number 
Reynolds  number 
Tidal  height 
Current  speed 
Discharge 

Effective  roughness  size 


(Continued) 


sr 


Scale 


Y /Y 
m 


X /X 
m 


P 

P 


Y /X 
r r 


r r 


X Y 
r r 


2 

X Y 


r r 

Y (wide  channels) 
r 


u = 1 

r r 

3/2 

u Y 

r r r 


r 

1/2 


3/2 

u X Y = X Y^' 
r r r r r 

Y^S^  /u^  = Y^/X^ 
r er  r r r 


* Notation  defined  in  Appendix  A. 


Table  3 

Tropical  Storms  in  the  Gulf  of  Mexico.  1930-1973 


No. 

Date 

Name 

Class* 

Landfall 

1 

Aug  27-31,  1950 

Baker 

H 

Alabama 

2 

Sep  3-7,  1950 

Easy 

H 

Florida 

3 

Oct  1-U,  1950 

How 

T 

Mexico 

k 

Oct  8-10,  1950 

Item 

H 

Mexico 

5 

Oct  17-21,  1950 

Love 

H 

Florida 

6 

Aug  20-22,  1951 

Charlie 

H 

Mexico 

7 

Sep  20-21,  1951 

George 

T 

Mexico 

8 

Sep  29-Oct  2,  1951 

How 

T 

Florida 

9 

Jun  1-6,  1953 

Alice 

T 

Florida 

10 

Aug  28-30,  1953 

— 

T 

Florida 

11 

Sep  lU-20,  1953 

— 

T 

Florida 

12 

Sep  2U-28,  1953 

Florence 

H 

Florida 

13 

Oct  7-9,  1953 

Hazel 

T 

Florida 

lU 

Jun  24-26,  1954 

Alice 

H 

Mexico 

15 

Jul  27-29,  1954 

Barbara 

T 

Louisiana 

l6 

Sep  11-12,  1954 

Florence 

H 

Mexico 

17 

Jul  31-Aug  2,  1955 

Brenda 

T 

Louisiana 

18 

Aug  25-29,  1955 

— 

T 

Louisiana 

19 

Sep  4-6,  1955 

Gladys 

H 

Mexico 

20 

Sep  17-19,  1955 

Hilda 

H 

Mexico 

21 

Sep  28-29,  1955 

Janet 

H 

Mexico 

22 

Jun  11-14,  1956 

— 

T 

Louisiana 

23 

Jul  25-26,  1956 

Anna 

H 

Mexico 

2U 

Sep  10-12,  1956 

Dora 

T 

Mexico 

25 

Sep  22-25,  -l956 

Flossy 

H 

Lou i s i ana/ Flor i da 

26 

Jun  8-9,  1957 

T 

Florida 

27 

Jun  25-28,  1957 

Audrey 

H 

Texas /Louisiana 

28 

Aug  8-11,  1957 

Bertha 

T 

Louisiana 

29 

Sep  7-8,  1957 

Debbie 

T 

Florida 

30 

Sep  16-19,  1957 

Ester 

T 

Louisiana 

31 

Jun  l4-l6,  1958 

Alma 

T 

Mexico 

32 

Sep  3-6,  1958 

Ella 

H 

Texas 

33 

May  28-Jun  2,  1958 

Arlene 

T 

Louisiana 

3h 

Jun  15-18,  1959 

Beulah 

T 

Mexico 

35 

Jul  22-25,  1959 

Debra 

H 

Texas 

36 

Oct  6-8,  1959 

Irene 

T 

Alabama 

37 

Oct  17-18,  1959 

Judith 

H 

Florida 

(Continued) 

Note:  Source  of  data.  Reference  21. 

* Hurricane  (H),  Tropical  storm  (T). 
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Table  3 (Concluded) 


No. 

Date 

Name 

Class 

Landfall 

38 

Jun  22-28,  i960 

T 

Texas 

! 39 

Sep  9-11,  i960 

Donna 

H 

Florida 

; ho 

Sep  l4-l6,  i960 

Ethel 

H 

Alabama 

1 Ul 

Sep  8-12,  1961 

Carla 

H 

Texas 

: h2 

Nov  4-8,  1961 

Inga 

T 

Stayed  off  coast  , 

of  Mexico  1 

h3 

Sep  16-19,  1963 

Cindy 

H 

Texas 

hh 

Jim  2-11,  1964 

— 

T 

Florida 

h^ 

Aug  5-8,  1964 

Abbey 

H 

Texas 

h6 

Sep  30-Oct  4,  1964 

Hilda 

H 

Louisiana 

hi 

Oct  13-15,  1964 

Isbell 

H 

Florida 

48 

Jun  12-15,  1965 

T 

Florida 

49 

Sep  8-10,  1965 

Betsy 

H 

Louisiana  i 

50 

Sep  26-30,  1965 

Debbie 

T 

Alabama  | 

51 

Jim  8-10,  1966 

Alma 

H 

Florida 

52 

Sep  20-21,  1966 

Hallie 

T 

Mexico  • 

53 

Oct  5-11,  1966 

Inez 

H 

Mexico  1 

54 

Sep  17-22,  1967 

Beulah 

H 

Texas  0 

55 

Oct  1-4,  1967 

Fern 

H 

Mexico 

56 

Jun  2-5,  1968 

Abbey 

H 

Florida 

57 

Jun  22-24,  1968 

Candy 

T 

Texas 

58 

Oct  16-19,  1968 

Gladys 

H 

Florida 

59 

Aug  15-19,  1969 

Camille 

H 

Mississippi 

60 

Oct  1-6,  1969 

Jenny 

T 

Florida 

6l 

Oct  19-27,  1969 

Laurie 

H 

Mexico 

62 

Jul  19-23,  1970 

Becky 

T 

Florida 

63 

Jul  31-Aug  5,  1970 

Celia 

H 

Texas 

64 

Sep  10-13,  1970 

Ella 

H 

Mexico 

65 

Sep  i4-17,  1970 

Felice 

T 

Texas 

66 

Sep  3-13,  1971 

Fern 

H 

Louisiana/Texas 

67 

Sep  11-17,  1971 

Edith 

H 

Louisiana 

68 

Jun  14-20,  1972 

Agnes 

H 

Florida 

69 

Aug  18-22,  1973 

Brenda 

H 

Mexico 

70 

Sep  1-7,  1973 

Delia 

T 

r.' 

Texas 

1 

Table  U 

Reported  Prototype  Dredged  Volumes,  1000  cu  yd 


Fiscal  Year 

Inner  Bar  Channel 

Outer  Bar  and 
Approach  Channels 

Total 

1950 

1839 

383 

2222 

1951 

kj2 

728 

1200 

1952 

* 

332 

1953 

* 

639 

195^4 

* 

* 

1318 

1955 

* 

1106 

1956 

* 

891 

1957 

507 

19h 

1301 

1958 

515 

0 

515 

1959 

# 

1053 

i960 

1677 

1961 

907 

1962 

* 

21I48 

1963 

250I+ 

196U 

0 

0 

789 

Construction 

of  New  Channel  Alignment 

1965 

1966 

1967 

1968 

1969 

1355 

1970 

2277 

1971 

1910 

1972 

3150 

1973 

1893 

9 

* Source:  Volumes  for  1950  to  1959  from  OCE  Annual  Report.  Volumes 
for  i960  to  1973  from  hopper  dredge  report  sheets. 


Prototype  Channel  Realignment  Construction  Dredgin 


for  location  of  channel  construction  sections;  source.  Reference  22 


Table  6 

Verification  Dredged  Volumes 


Outer  Bar 

Inner  Bar 

and  Approach 

Fiscal 

Cheinnel , 

Channels , 

Total , 

Year 

1000  cu  yd 

1000  cu  yd 

1000  cu  yd 

Prototype  Dredged  Volumes,  1957-1961 

■ 

1957 

291 

303 

59^4  i) 

1958 

U68 

307 

775 

1959 

222 

161U 

1836 

i960 

698 

8I4 

782  ;■ 

1961 

581 

13it7 

1928 

Average  i*52 

731 

1183  ' 

Distribution 

38% 

62% 

100^ 

Maximum 

+'?h% 

+121% 

+63% 

variation 

-51^ 

-88% 

-50^  , 

!i 

Outer  Bar 

Sequence 

Inner  Bar 

and  Approach 

No.  , 

Channel , 

Channels , 

Total, 

Year 

1000  cu  yd 

1000  cu  yd 

1000  cu  yd 

Model  Verification 

Scaled  Dredged  Volumes 

1 

588 

861 

II4I+9 

2 

266 

910 

1176 

3 

352 

1167 

1520 

k 

190 

255 

l;l45 

5 

232 

I435 

667 

6 

lUO 

i*23 

563 

7 

237 

250 

*487 

Average 

286 

61k 

901 

Distribution 

32% 

68% 

lOOf. 

Maximum 

+106% 

+90% 

+69% 

variation 
from  7-year 
average 

-81% 

-89% 

-81% 

Comparison  of  Model  Dredeing  Volvunes  for  Initial  and  Repeat  Plan  2 Tests 


Model  Verification  of  Current  Velocities 


Table  9 

Possible  Sediment  Characteristic  Scales  for  Model  with  Scales 

Y = 1:100  and  X = 1:500 
r r 


Primary 

Transport 

Process 

Equations 

d 

r 

y * 

r 

Tidal  currents 

5 and  7 

i+.5:l 

1:89 

Tidal  currents 

9 

3.h:l 

1:1* 

Waves 

5 and  8** 

1.6:1 

1:1*. 1* 

Actual 

12:1 

1:1*. 2 

Model  Dredging  Volumes  for  Base  and  Plan  2 Tests 


Without  construction  procedure. 


Table  11 


Postconst ruction  Reported  Dredging  Volumes 

1000 

cu  yd 

Year  After 

Completion  of 

Channel 

Model* 

Prototype 

Construction 

Section 

Volume 

Volume 

1 

Inner  bar 

0 

i+11 

Outer  bar 

500 

212 

Approach 

1200 

635 

Total  1700 

1258 

2 

Inner  bar 

0 

773 

Outer  bar 

190 

1*26 

Approach 

I4U0 

1078 

Total  630 

2277 

3 

Inner  bar 

0 

967 

Outer  bar 

26T 

29U 

Approach 

326 

61*9 

Total  593 

1910 

U 

Inner  bar 

0 

687 

Outer  bar 

362 

529 

Approach 

56U 

193I* 

Total  926 

3150 

5 

Inner  bar 

0 

518 

Outer  bar 

181 

383 

Approach 

1026 

992 

Total  1207 

1893 

Average 

Inner  bar 

0 

671 

Outer  bar 

300 

369 

Approach 

711 

1058 

Total  1011 

2098 

* Plan  2 with  construction  procedure. 


Table  13 

Hydrographic  Changes  in  Channel  Between  Dredfcings 
1000  cu  yd 


Years  After  Model* Prototype 


Completion  of 
Construction 

Channel 

Section 

Scour 

Fill 

Net 

Change** 

Sctsur 

Fill 

Net 

Change^ 

0 to  1 

Inner  bar 

176 

174 

-2 

26 

1100 

+1074 

Outer  bar 

l4 

465 

+451 

94 

603 

+909 

Approach 

721 

122 

-999 

t 

_t 

t 

Total 

911 

761 

-150 

— 

— 

— 

1 to  2 

Inner  bar 

UUO 

31 

-409 

6 

1088 

+1082 

Outer  bar 

310 

11 

-299 

2 

739 

+737 

Approach 

190 

228 

+78 

83 

2887 

+28o4 

Total 

900 

270 

-630 

91 

4714 

+4623 

2 to  3 

Inner  bar 

282 

92 

-230 

29 

1913 

+1488 

Outer  bar 

96 

253 

+197 

18 

618 

+600 

Approach 

ll6 

303 

+187 

9 

1916 

+1911 

Total 

U9U 

608 

+ll4 

48 

4o47 

+3999 

3 to  U 

Inner  bar 

315 

94 

-261 

168 

343 

+179 

Outer  bar 

3U 

169 

+139 

49 

237 

+188 

Approach 

39 

438 

+403 

197 

1036 

+839 

Total 

38it 

661 

+277 

4l4 

1616 

1202 

U to  5 

Inner  bar 

258 

7 

-291 

191 

417 

+266 

Outer  bar 

27 

239 

+208 

108 

187 

+79 

Approach 

207 

313 

+106 

49 

799 

+790 

Total 

U92 

999 

+63 

308 

1403 

+1099 

5 to  6 

Inner  bar 

l*7>+ 

9 

-469 

1 

1948 

+1947 

Outer  bar 

188 

91 

-97 

0 

992 

+992 

Approach 

176 

442 

+266 

36 

1417 

+1381 

Total 

838 

938 

-300 

37 

3917 

+3880 

Average 

Inner  bar 

324 

94 

-270 

63 

1068 

+1009 

Outer  bar 

112 

204 

+92 

49 

489 

+444 

Approach 

234 

308 

+74 

74 

1611 

+1937 

Total 

670 

566 

-104 

182 

3168 

+2986 

* 

** 

t 


Plan  2 with  construction  procedure. 

Positive  values  are  net  fill;  negative  values  are  net  scour. 
No  data  available. 


Table  li* 

Hydrographic  Changes  in  Channel  During  Dredging 
1000  cu  yd 


x: 
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* Plan  2 with  construction  procedure. 

**  Positive  values  are  net  fill;  negative  values  are  net  scour. 
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No  data  available 


Table  15 

Ad.lusted  Dredging  Volumes 
1000  cu  yd 


Dredging  Volumes  Dredging  Volumes 


Years  After 

Adjusted  for 

Adjusted  for 

Completion  of 

Channel 

Underdepth 

Overdepth  and  Underdepth 

Construction 

Section 

Model 

Prototype 

Model 

Prototype 

1 

Inner  bar 

lOT 

160 

-1 

-451 

Outer  bar 

904 

165 

934 

-57 

Approach 

156 

635* 

163 

** 

Total 

1167 

960 

1096 

** 

2 

Inner  bar 

0 

876 

-436 

965 

Outer  bar 

0 

568 

-389 

673 

Approach 

362 

1252 

293 

1695 

Total 

362 

2696 

532 

3333 

3 

Inner  bar 

0 

978 

-246 

1493 

Outer  bar 

342 

372 

290 

717 

Approach 

375 

981 

349 

1439 

Total 

717 

2331 

393 

3649 

4 

Inner  bar 

0 

808 

-279 

592 

Outer  bar 

381 

490 

379 

556 

Approach 

779 

2135 

795 

2192 

Total 

1160 

3433 

895 

3340 

5 

Inner  bar 

0 

323 

-266 

-504 

Outer  bar 

274 

309 

328 

-86 

Approach 

764 

1167 

564 

1042 

Total 

1038 

1799 

626 

452 

Average 

Inner  bar 

21 

629 

-246 

419 

Outer  bar 

380 

381 

308 

361 

Approach 

487 

1234 

433 

1592 

Total 

888 

2244 

496 

2372 

Percent 

Inner  bar 

2% 

28% 

-49 

18 

of 

Outer  bar 

h3% 

n% 

62 

15 

total 

Approach 

557» 

557» 

87 

67 

Total  100%  100% 


100 


* 

** 


Figure  unadjusted  due  to  lack  of  previous  year's  soundings. 
No  data  available. 
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100 


Years  After 
Completion  of 
Construction 


Channel 

Section 


Model  Dredging 
Volumes, 
1000  cu  yd 


Prototype  Dredging 
Requirements , 
1000  cu  yd 


I 


1 

Inner  bar 

0 

553 

Outer  bar 

500 

512 

Approach 

1200 

2661 

Total 

1700 

3726 

2 

Inner  bar 

0 

319 

Outer  bar 

190 

336 

Approach 

UUO 

2865 

Total 

630 

3520 

3 

Inner  bar 

0 

663 

Outer  bar 

267 

321 

Approach 

326 

2703 

Total 

593 

3687 

1* 

Inner  bar 

0 

189 

Outer  bar 

362 

331 

Approach 

564 

1994 

Total 

926 

2514 

5 

Inner  bar 

0 

359 

Outer  bar 

180 

287 

Approach 

1026 

1772 

Total 

1206 

24l8 

6 

Inner  bar 

0 

590 

Outer  bar 

111 

270 

Approach 

815 

3128 

Total 

926 

3988 

Average 

Inner  bar 

0 

446 

Outer  bar 

268 

343 

Approach 

729 

2521 

Total 

997 

3310 

Percentage 

Inner  bar 

0% 

14$5 

distribution 

Outer  bar 

2n 

10^ 

Approach 

76^ 

Total 

100^ 

100^ 

i 
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I ; 


Average  Depths  in  Navigation  Channel 
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Table  l8 

Average  Depth  Changes,*  ft 


Years  After 
Construction 

Channel  Section 

Between  Dredgings 
Model  Prototype 

During  Dredgings 
Model  Prototype 

1 

Inner  bar 

0.0 

+2.1+ 

0.0 

-l+.O 

Outer  bar 

+1.7 

+2.0 

-0.3 

-3.0 

Approach 

+1 . 6 

+2.8 

-1.3 

-2.3 

2 

Inner  bar 

-0.9 

+2.1 

0.0 

-1.7 

Outer  bar 

-1.0 

+2.7 

-1.0 

-1.9 

Approach 

+0.1 

+3.8 

-0.1+ 

-3.0 

3 

Inner  bar 

-0.6 

+3.0 

0.0 

-2.0 

Outer  bar 

+0. 6 

+2.3 

-0.5 

-0.8 

Approach 

+0.3 

+2.6 

-0.2 

-1.6 

1* 

Inner  bar 

-0.5 

+0.3 

0.0 

-0.1 

Outer  bar 

+0.5 

+0.7 

-0.1+ 

-0.6 

Approach 

+0.6 

+1.1 

-0.3 

-0.8 

5 

Inner  bar 

-0.5 

+0.1+ 

0.0 

-2.8 

Outer  bar 

+0.7 

+0.6 

-0.2 

-2.1 

Approach 

+0.1 

+1.1 

-0.5 

-1.0 

6 

Inner  bar 

-1.1 

+1+.0 

0.0 

— 

Outer  bar 

-0.5 

+2.0 

-0.1 

— 

Approach 

+0.3 

+1.8 

-0.1+ 

— 

Average 

Inner  bar 

-0.6 

+2.0 

0.0 

-2.1 

Outer  bar 

+0.3 

+1.7 

-0.1+ 

-1.7 

Approach 

+0.5 

+2.2 

-0.5 

-1.7 

* Positive  depth  change  is  fill;  negative  depth  change  is  scour. 
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Table  20 


Comparison 

of  Reported  Prototype  Maintenance  Dredging 

1000  cu 

Year 

Supplied 

By 

District* 

From  OCE 

Annual  Reports, 
Fiscal  Year 

Hopper  Dredge 
Report  Sheets, 
Fiscal  Year 

Hopper  Dredge 
Report  Sheets 
Calendar  Year 

1953 

1076 

639 

195i* 

75^ 

1318 

— 

— 

1955 

1065 

1106 

— 

— 

1956 

1237 

891 

— 

— 

1957 

59^ 

1300 

— 

— 

1958 

775 

515 

— 

556 

1959 

1836 

1053 

556 

1585 

i960 

782 

1677 

999 

1961 

1928 

907 

907 

1691 

Total  No. 

of  Years  9 

8 

3 

ij 

Average 

1116 

966 

IOU7 

1208 

Note:  Dashes  ( — ) indicate  that  hopper  dredge  report  sheets  (Form 


No.  27)  were  not  used  prior  to  F7  59- 
* Used  for  model  verification. 

**  No  volume  figures  quoted  in  i960  report. 


SEA  STATE 
HINDCAST 


HINDCAST 


00!  X3tv 


PLATE  6 


station  5,  SOUTH  JETTY  STATION  6.  PLEASURE  PIER 


1 

n 

PLATE  8 

Y A 

TIDAL  OBSERVATIONS 

legend  verification  TEST 

prototype  STATIONS  5 AND  6 

MODEL 


STATION  A-l  STATION  B- 


aitiM  ■* 


»;i4a4ss<(Ka7TrM««i 


.#t.»am:..-xiH;-.t*' 


V..t<(U4•*a4••^«M 


PLATE  10 


>#4»,9»i4 

^•*4 

h-t 

*4.  laii^ 

k««; 

kriai 

V**vnV 


yi..'^*y,vK»»M* 

VK* 


A \vV''*'-»*-^*'A^; 


PLATE  n 


ir)M: 


RELOCATION 


rth  jetty 


north  jetty 


AT  END  OF  CONSTRUCTION 


north  jetty 


AFTER  DREDGING 


north  jetty 


BEFORE  DREDGING 


AFTER  DREDGING 


north  jetty 


north  jetty 


YR  AFTER  CONSTRUCTION 
AND  AFTER  DREDGING 


north  JETTY 


PLATF  34 


morth  jetty 


5 YR  AFTER  CONSTRUCTION 
AND  AFTER  DREDGING 


north  jetty 


5 YR  AFTER  CONSTRUCTION 
AND  AFTER  DREDGING 


north  jetty 


north  jetty 


north  jetty 


north  jetty 


north  jetty 


north  jetty 


3-  TO  e-TT  SCOOP 

SCOUR  OP  fill  do  NK5T  EXCEED  3 FT 


<0  o> 

P P 


z 

o 


a: 

> 


north  jetty 


north  jetty 


3 YR  AFTER  CONSTRUCTION 


morth  jetty 


DURING  DREDGING 
5 YR  AFTER  CONSTRUCTION 


north  jetty 


DURING  DREDGING 
5 YR  AFTER  CONSTRUCTION 


PLATE  61 


north 


CONDITION 

BEFORE  CONSTRUCTION 


CONSTRUCTION 


ONSTRUCTION 


north  jetty 


BEGINNING  OF  CONSTRUCTION  TO 
TWO  YEARS  AFTER  COMPLETION 


PLATE  72 


OF  CONSTRUCTION 


SCOUR  AND  FILL 
I960  TO  196a 


p 


A0-AU47  986 


UNCLAbSlFlLD 


ARMY  ENGINtER  WATERWAYS  EXPERIMENT  STATION  VICKSBURG  MISS  F/G  8/fl 
PHYSICAL  HYDRAULIC  MODELS;  ASSESSMENT  OF  PREDICTIVE  CAPABILITIE--ETC (U) 
NOV  77  J V LETTER#  W H MCANALLY  tinuj 

AEWES-RR-H-75-3-2  m, 


APPENDIX  A:  NOTATION 


Vertical  cross-sectional  area 
Horizontal  surface  area 

Reported  dredged  volume  adjusted  for  underdepth 

Reported  dredged  volume  adjusted  for  underdepth  and  overdepth 

Representative  sediment  grain  size 

Darcy-Weisbach  friction  factor 

Particle  densimetric  Froude  niunber 

Acceleration  due  to  gravity 

Sediment  transport  rate  in  weight  per  time  per  unit  width 

Water  depth 

Relative  water  depth 

Wave  or  tide  height 

Wave  steepness 

Equivalent  bed  roughness  size 

Overdepth  volume  for  year  under  consideration 

Overdepth  voliime  for  year  prior  to  year  under  consideration 

Volmne  flow  rate 

As  a subscript,  a model  to  prototype  ratio  of  the  subscripted 
variable 

Hydraulic  radius 

Reported  dredged  volmne 

Reynold's  number 

Particle  Reynolds  number 

Energy  grade-line  slope 

Time 

Wave  or  tidal  period 
Current  speed 
Shear  velocity 

Underdepth  voliame  for  the  year  under  consideration 

Underdepth  volume  for  the  year  prior  to  year  under  consideration 

Current  parameter 

Volume 


o 


X 

Y 


a 

y 


X 


V 


Characteristic  horizontal  length 

Characteristic  vertical  length 

Wave  refraction  angle 

Unit  weight  of  water 

Unit  weight  of  sediment  particles 

Submerged  unit  weight  of  sediment  particles 

Scale  factor  for  particle  Froude  number 

Scale  factor  for  particle  Reynolds  niimber 

Wavelength 

Kinematic  viscosity  of  water 
Density  of  water 
Average  bottom  shear  stress 
Sediment  transport  fvuiction 


In  accordance  with  letter  fron  DAEN-RDC,  DAEN-ASI  dated 
22  July  1977,  Subject:  Facsinile  Catalog  Cards  for 
Laboratory  Technical  Publications,  a facsinile  catalog 
card  in  Library  of  Congress  MARC  format  is  reproduced 
below. 


Letter,  Joseph  V 

Physical  hydraulic  models:  assessment  of  predictive  capa- 
bilities; Report  2:  Movable-bed  model  of  Galveston  Harbor 
entrance  / by  Joseph  V.  Letter,  Jr.,  William  H.  McAnally, 

Jr.  Vicksburg,  Miss.  : U.  S.  Waterways  Experiment  Station  ; 
Springfield,  Va.  : available  from  National  Technical  Informa- 
tion Service,  1977. 

92,  c253  p.,  75  leaves  of  plates  : ill.  ; 27  cm.  (Research 
report  - U.  S.  Army  Engineer  Waterways  Experiment  Station  ; 
H-7S-3,  Report  2) 

Prepared  for  Office,  Chief  of  Engineers,  U.  S.  Army,  Wash- 
ington, D.  C. 
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